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Executive Summary

The Bonneville Power Administration and the U.S. Army Corps of Engineers, Portland District
(BPA/Corps) jointly instituted the Columbia Eaty Ecosystem Restoration Program (CEERP) to
implement federal ecosystem restoration actiongesehrch, monitoring, and evaluation (RME) in the
lower Columbia River and estuary (LCRE). The CPERcomposed of three programmatic elements:
the Strategy Report, Action Plan, and this Synthss@morandum. The overall goal of the CEERP is to
understand, conserve, and restore ecosystems irfClRE L Relative to this goal, the specific CEERP
objectives are as follows:

¢ Increase the opportunity for access by aquatic organisms to shallow-water habitats.
¢ Increase the capacity and quality of estuarine and tidal-fluvial ecosystems.

e Improve ecosystem realized functions.

As a companion to the Strategy Report and Acti@m Rihder the adaptive management process, this
CEERP 2012 Synthesis Memorandum summarizes the state of the science of salmon ecology and habitat
restoration in tidally influenced areas of the LCRPptovide an integrated scientific basis for the future
strategic direction of ecosystem restoration. Thdifigs and recommendations in this report are directed
at refining both the action plan and the strategy for meeting the objectives of CEERP.

Methods

Development of this Synthesis Memorandum included the review of RME studies performed
throughout the 234-rkm expanse of the tidally inflced main-stem and lower tributary sites below
Bonneville Dam, as well as the principal peripherabayments (Grays Bay, Youngs Bay, and Baker
Bay). Spatial referencing was bdam eight hydrogeomorphic reachesHA which extend from the
mouth of the Columbia River to Bonneville Daimformation was acquired from peer-reviewed journal
articles and completed contract reports initiatadng the period from 1990 through mid-2012. The
focus was on shallow-water habitats that are thegy sites for ecosystem restoration projects and
recovery of juvenile salmon; however, a portion & taview took a more holistic approach to evaluating
the LCRE ecosystem.

Conclusions

The CEERP objectives provided the bounds and focus of our review. To address this focus, we
reviewed and synthesized information under fesearch questions. We summarize our conclusions
associated with those four qtiess in the sections below.

What are the contemporary patterns of juvenile salmon habitat use in the estuary,
and what factors or threats poten tially limit salmon performance?

Patterns of estuary habitat use and the life hestaf juvenile salmon are directly tied to their
freshwater sources. Large releases of salmon from hatchery sources are a major driver of contemporary
stock abundances and the arrival times, sizes, habét@rences, and residence times of juveniles in the
estuary. Because hatcheries target relativelysfdmon stocks and phenotypes, the dominant estuary
rearing behaviors today may or may not reflecththleitat and restoratioreads of under-represented and



at-risk stocks. Furthermore, neither the intecagtiof hatchery- and natural-origin salmon nor the
potential effects of hatchery releases on the estuary geosyave been investigated. It is unclear, for
example, whether continued subsidies of similariedihatchery smolts released in concentrated pulses
during the spring have enhanced bird or other poegetpulations in the LCRE. Juvenile coho salmon
are more prevalent in tidal wetlands within tributargteyns than in main-stem sites. Many of the small
juvenile salmon are wild spawned, and constituteedistory type not represented by the hatchery
production system.

Habitat opportunity appears to be a major limitatio salmon performance. Many potential systems
are simply unavailable due to migration barrigReduced flushing, leading to high-temperature and low-
oxygen conditions, also appears to limit the tsabnon can benefit from some wetland habitats during
summer months. Tide gates, even those wiih‘friendly” designs, improve access but are not as
beneficial as more open hydraulic reconnectiongiiner salmon movements or for maintenance of
adequate water-quality parameters. Nonethelessraéish activities that increase habitat opportunity
are likely to benefit many salmon populations, and effbauld be directed toward targeting sites that
can be fully reconnected rather than leith restricted hydraulic connections

With regard to habitat capacity, the limitedarnmation about salmon performance in wetland sites
indicate salmon are benefitting from wetland food production that results in relatively high growth rates.
Wetland-derived insect prey also appears to be rdgutansported to the wider ecosystem, where it is
available to fish not inhabiting wetlands. Howetlee overall loss of marshes in the LCRE and the
reduction of a macrodetritus-based food web maxe maduced the overall capacity of the system
compared to historical capacities.

Competition and predation within wetlands regaimore research but present data have not
documented adverse effects on salmon performandditidnal research is needed, including potential
direct or indirect interactions with non-native sgaci Predation studies have not been conducted in
wetland sites, and bird predation in particular may be significant.

Do factors in the estuary limit reco  very of at-risk salmon populations and
evolutionarily significant units (ESUs)?

Estuary residency and habitat use vary among stnuttgheir associated entry locations, times, and
sizes. These findings have important implications for selecting estuary restoration projects more
strategically to satisfy the diverse estuary ntigrapathways and habitat requirements of salmon from
different ESUs. However, despite a wealth of new dhtaut stock-specific habitat use, life histories, and
performance of juvenile salmon in the estuary, nmechains to be learned about the importance of
estuary rearing to population viability and salmoroveey. In the last decade, new tagging techniques,
otolith chemical analyses, and an improved gertgeline for Chinook salmdave greatly expanded
our capabilities for interpreting stock-specific patternesitiary rearing and migration. Genetic results
have documented variations in the stock compwsitif Chinook salmon in various estuary reaches and
habitats. Tagging studies and otolith chemical methade described life history variations for a few
genetic stock groups.

Most RME studies have evaluated salmon habitabuperformance within the estuary and have not
determined whether estuary rearing conditions imid@eadult survival. New life-cycle approaches to
research and monitoring are needed to quantéyettuary’s linkages to salmon populations and to
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evaluate the importance of estuarine habitat oppdigs for salmon recovery. A series of indicator
populations and experimental methods should be@raglto directly measure the contribution of
estuarine habitats to adult returns and population viability.

Continued estuary monitoring is needed to mollg fiharacterize juvenile life history variations
within and among genetic stock groups, includingskt-stocks that are in low abundance and often
poorly represented in estuary sample collections. Mid- and upper reaches (D — H) of the estuary have
been surveyed less intensively thhaose in the lower estuary. Additidrsurveys will be required in this
region to encompass the full range of habitat tygpedsne periods for diffenat genetic stock groups.
Most RME studies have targeted shallow-water arsd-sbore areas, including habitat types that have
been most intensively modified by historical depenent and that are the primary focus of estuary
restoration. Methods for sampling deeper chanfiuetker from shore (e.g., purse seine, pair trawl,
acoustic—tag monitoring, etc.) often select for high pribgas of yearlings and hatchery fish that tend to
move most rapidly through the estuary during punethiatigration periods. Additional surveys in deep
channel habitats may be useful if the objectiv® isstimate survivals or migration rates for rapidly
migrating stocks (e.g., chum, steelhead, sockey®) compare stock-specific life histories (i.e.,
subyearling and yearling migrants) across a wider range of estuarine habitat types.

Are estuary restoration actions improving the performance of juvenile salmon in
the estuary?

Restoration in the LCRE can offer positive béiseb juvenile salmon in terms of opportunity,
capacity, and realized function. Several positivedsaemere observed in the studies we reviewed.
Hydrologic reconnections can increase opportunity &r fo access restored sites, as noted at Crims,
Kandoll Farm, and Ft. Columbia. In terms of exding capacity, improvements in water temperature
were noted at Kandoll Farm and South Slough wihifgrovements in prey production were noted at
Crims Island. A positive benefit of realized function was observed at Crims Island by examining
residence time.

The primary direct beneficiaries of restooatiof main-stem wetland haats will be small
subyearling Chinook and chum salmon with smaller lmens) of larger yearling Chinook salmon found in
shallow areas. Restoration of main-stem wetland habitats also has indirect benefits to juvenile salmon
through export of organic materials, nutrients, arey pesources from shallow-water to main-stem areas.
In order to restore life history diversity to Columbia River salmon populations, it is critical to protect,
restore, and enhance the wetlanbitz upon which these fish depend.

Our answer to this important question was basetimited AE informatbn throughout the entire
lower river and estuary. Of the 42 aquatic restongpimjects that have been completed in the LCRE
since 2004, only a small fraction (n=9) included Enitoring that addressed elements relevant to
juvenile salmon ecology; i.e., opportunity, capacityd eealized function. In many cases, AE research
lacked pre-restoration data, reference sites, asthtstical analyses aimed at specifically evaluating
response of monitored metrics within the contexiestaration actions. Further, of the existing nine AE
studies, most (seven) were conducted in the lower 90 rkm of the estuary, and thus provide limited spatial
coverage over the entire system from which inferences can be drawn. While these limitations present
significant challenges with respect to effectivelialuating salmon performance, we conclude that
restoration actions are correlated with increaggabrtunity, capacity, and realized function which
provide benefits to juvenile salmamthe lower river and estuary.
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What is the status of the estuary? Are estuarine conditions improving, declining?

The physical changes, including floodplain deypehent, dredging of the navigation channel and
harbors, and flow regulation, significantly altered ttistorical geomorphic and ecological state of the
LCRE prior to the CREDDP studies. However, thte af physical alteration has apparently slowed
compared to the late 19th and early 20th centuhysieal changes are still occurring. The navigation
channel was deepened-@Lft) early in the present century, actthnnel maintenance, including dredge
material disposal in the estuary is conducted perifigicRile dikes, designed to maintain the navigation
channel location and depth, have tesliin deposition of séghents and, in some cases, the formation of
shallow-water habitats.

The habitat complexes within the present floodpfarm a highly altered mosaic compared to
historical conditions. The biological communities and geomorphology of the system are structured by
natural disturbances (e.g., floods), with evidencetti@habitat mosaic shifts spatially when forced by
hydrological conditions and other controlling factors.

Non-native species are abundant and dominate wegetplankton, fish, and benthos assemblages.
Very few “historic” (i.e., late 1800s) wland habitats remain in the system. The rate of introductions of
non-native species may be decreasing, but this is difficult to discern. Data show an expansion of invasive,
highly competitive, non-native spesi such as reed canarygrass.

There is a legacy of contamination in sediserContamination of water and sediment from
persistent chemicals is increasing and is of significant concern.

Through alteration in river flowlynamics and volumes, increases in water temperature, and sea-level
rise, climate change is expected to affectet@ogical processes of shallow-water habitats, and the
capacity of the habitats to support young salmon.

Restoration projects focused on floodplain habitatge increased over the past decade. These
actions are showing immediate benefit to julkesalmon by providing access to habitats as well as
processes supportive of ecosystem services of benefit to the entire estuary. Further, natural breaching of
levees and dikes has opened areas of former floodpédditats. The land surface formerly behind the
levees had obviously subsided and most sites redigsimilar to nearby reference sites even after
several decades. Hence, the full return of floodgiainitats to their historical state will be protracted,
especially those dominated by tidal forested swanYfet, these systems will predictably continue to
provide services during development phase. Emergenshrhabitats show large changes during the first
four to seven years with full development to refersconditions predicted to be on the order of 75 years
or more. As evidenced in historical natural breacestsiarine riparian and tidal forested habitats can
develop within several decades of reconnectiondandave intermediate stages that are contributing
services to the system.

Even with focused floodplain habitat restoratinat ecosystem improvement is hampered by
development activities such as road construction and resource extraction in tributary watersheds draining
into the lower floodplain habitats and broader LCRHBese upstream alterations can affect the rate and
level of recovery of restoring haisats in the floodplain, as well as the resilience of these restored sites to
periodic large-scale disturbances sucimagor flooding events and climate change.
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Preface

The U.S. Army Corps of Engineers, Portland District (Corps) (Ref. No. AGRW66QKZ80031101)
funded the development of this Synthesis Memorandnder agreements with the U.S. Department of
Energy and the U.S. Department of Commercenark by Pacific Northwest National Laboratory
(PNNL) and the National Marine Fisheries Service (NMFS), respectively. The Synthesis Memorandum
is one of three inter-related, annual CEERBI{@bia Estuary Ecosystem Restoration Program)
deliverables; the others are the Strategy Report and Action Plan. The Synthesis Memorandum
synthesizes the state of the science on salmon ecioldlyg lower Columbia River and estuary. It
provides a scientific basis for the restoration stratedgssribed in the Strategy Report, which in turn is
used to implement restoration and research, mongpand evaluation actions outlined in the companion
Action Plan. The actions are researched, monitored, and evaluated, and the results are synthesized in the
next Synthesis Memorandum. The CEERP deliverabieintended to guide or inform, as appropriate,
the Actions Agencies, the National Marine FisasiService, the Northwest Power and Conservation
Council, restoration project sponsors, researchers, and various interested parties.

A suggested citation for this report is:

Thom RM, NK Sather, GC Roegner, and DL Botto®13. Columbia Estuary Ecosystem Restoration
Program. 2012 Synthesis Memorandum. Prepared by PNNL and NOAA Fisheries for the Portland
District Army Corps of Engineers.

For more information about the study, please contact Ms. Cynthia A. Studebaker, the USACE’s
technical lead (503-808-4788).
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1.0 Introduction

The Bonneville Power Administration and the U.S. Army Corps of Engineers, Portland District
(BPA/Corps) jointly instituted the Columbistuary Ecosystem Restoration Progré8EERP) to
implement federal ecosystem restoration actiongesehrch, monitoring, and evaluation (RME) in the
lower Columbia River and estuary (LCRE). The BPA/Corps conduct the CEERP using an adaptive
management process, which includes an Action Pl&#&(Borps 2012) that contas the annual blueprint
for ecosystem restoration and RME actions inltydafluenced areas of the LCRE floodplain.

As a companion to the Strategy Report and Acti@m Rihder the adaptive management process, this
CEERP 2012 Synthesis Memorandum summarizes the state of the science of salmon ecology and habitat
restoration in tidally influenced areas of the LCRPptovide an integrated scientific basis for the future
strategic direction of ecosystem restoration. Téenelevant to juvenilsalmon were reviewed and
synthesized under one of four research questions:

1. What are the contemporary patterns of juvenile salimabitat use in the estuary, and what factors or
threats potentially limit salmon performance?

2. Do factors in the estuary limit recovery of akriisalmon populations and evolutionarily significant
units (ESUs)?

3. Are estuary restoration actions improving the performance of juvenile salmon in the estuary?

4. What is the status of the estuary? Are estuarine conditions improving, declining?

The synthesis is based on a review of peeremwed and published litatae regarding salmon
ecology, restoration studies, and ecosystem ecology, conducted in the LCRE largely between 1990 and
2012, as well as selected relevant literature from other tidal river systems in the Pacific Northwest.

1.1 Columbia Estuary Ecos ystem Restoration Program

The CEERP is composed of three programmatic ehtsn the Strategy Report, Action Plan, and this
Synthesis Memorandum. The 2012 Strategy Report describes the BPA/Corps fundamental strategy for
implementing estuary habitat actions and RME addition, the CEERP is implementing
Recommendation 3 of the Council’'s RME/ArtifitRroduction Categorical Review Recommendation
Report (ISRP 2010) to monitor andadwate the effectiveness of habitat restoration actions in the LCRE.
Finally, the Council’'s and Independent Stific Review Panek programmatic issuesi.e., the “lack of
a clear synthesis or framework in the estuary linkingjtaarestoration actions to monitoring efforts to
action effectiveness evaluatiorstegarding the LCRE restoratioffat (Council 2011) are intended to
be addressed by the 2013 Strategy Reporf@i8 Action Plan (BPA/Cqs 2012), and this 2012
Synthesis Memorandum.

1 CEERP is an acronym coined in 2011 for the joint BPAgE@fforts to restore LCRE&cosystems that started with
the 2000 Federal Columbia River Power System (FCRPS) Biological Opinion (BiOp) (NMFS 2000) and now is
responsive to subsequent FCRPS BiOps, the Northwest Power and Conservation Council’s Fistiiéaxd Wil
Program, and various Corps restoration authorities.
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Three primary drivers for the CEERP are as follows:

¢ Northwest Power and Conservation Council (Council) Fish and Wildlife Program (Council-2009)
the Council’'s program has strategies for estihatyitat reconnections, long-term effectiveness
monitoring, estimation of juvenile salmon sumivates, impacts from estuary stressors, and
partnerships.

o Water Resources Development Acts (Sections 286, and 1135) and the Lower Columbia River
Ecosystem Restoration Geaklnvestigations Study the Corps has authorities to restore LCRE
ecosystems under various federal laws.

¢ Biological Opinions (BiOps) for operation of tkederal Columbia River Power System (FCRPS)
(NMFS 2000, 2004, 2008, 2010 CRE habitat restoration is an offsite mitigation action to help
avoid jeopardizing Endangered Species Act (EBA¢d salmonids with hydrosystem operations.

Note that the CEERP is one among many restoration programs presently operating in the LCRE.
Others include those of the Oregon Departmelrigth and Wildlife (ODFW), the Oregon Watershed
Enhancement Board, the Lower Columbia Fish Recovery Board (LCFRB), the National Oceanic and
Atmospheric Administration (NOAA) Restoration Center, the Washington Department of Fish and
Wildlife.

Overall LCRE
Ecosystem Restoration

L egend: LCRE restoration funded by...
1 = Entities besides the BPA and Corps
FCRPS for ecosystem restoration, e.g.,
& BiOp: CREST at Sharnelle Fee
stuary RPAs L. .
2 = Entities besides the BPA and Corps for
recovery actions for listed fish, e.g.,
LCFRB at Lower Washougal
3 = Corps outside BiOp and recovery, e.g.,
Johnson Creek springwater
4 = Corps outside BiOp, e.g., Tenasillahe
Island
5 = Corps for BiOp, e.g., Post Office Lake
6 = BPA+Corps for BiOp, e.g., Col. Stock

Recovery
Actions

Ranch
NPCC 7 = BPA for BiOp, e.g., Otter Point
4 Oy F&WP: 8 = BPA outside BiOp, e.g., Duncan Creek
Authorities: Estuary . .
Estuary Feastsions 9 = BPA outside BiOp and recovery, e.g.,

Shillapoo wildlife mitigation

Figure1.1. Nested Relationships Among CEERP Drivansl Overall LCRE Ecosystem Restoration.
The shaded area represahies CEEERP. CREST is the Columbia River Estuary Study
Taskforce. LCFRB is the Lower Columbia Fish Recovery Board.
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1.1.1 CEERP Goal and Objectives

The CEERP is founded on a specific goal, principles, objectives, and management questions within a
well-defined adaptive management process. As indicated previously, the overall goal of the CEERP is to
understand, conserve, and restore ecosystems IARE. The objectives of the CEERP reflect an
ecosystem-based approach. They support antbasistent with the Council’s estuary stratebset
forth in the 2009 Fish and Wildlife Program (Council 2009) and recommendadftionsthe 2010
Council RME/Artificial Production Categorical Revidd&RP 2010). The specific CEERP objectives are
as follows:

¢ Increase the opportunity for access by aquatic organisms to shallow-water habitats.

Habitat access/opportunity is a habitat assessmeogpbthat "appraises the capability of juvenile
salmon to access and benefit from the habitapaat”" (cf. Simenstad and Cordell 2000).

Elements for evaluating habitat opportunity include physical constraints to connectivity (migration
barriers, water depth), and physiological limias set by water-quality parameters (primarily
temperature and dissolved oxygen).

¢ Increase the capacity and quality of estuarine and tidal-fluvial ecosystems.

Habitat capacity is defined as the ability dfabitat to support fuions benefiting salmon

(Simenstad and Cornell 2000; Gray et al. 2002tdo et al. 2005). Positive factors defining habitat
capacity include prey production and the resultant bioenergetic potential, while negative attributes
include the presence and impacts of predators and competitors

¢ Improve ecosystem realized functions.

Realized functions are a category of habitat asseddima includes direct measures of physiological

or behavioral responses of fish to habitat opporywemd capacity that leads to increased performance
(Simenstad and Cordell 2000; Gray et al. 2002; Bottom et al. 2005). Metrics defining performance
are measures of fish benefit, such as diet and foraging success, residency and growth, condition, and
life history diversity

1.1.2 The CEERP Adaptive Management Process

The CEERP adaptive management process, described in detail by Thom et al. (2011a), involves five
phases (Figure 1.2): decisions, actions, monitoring/research, synthesis and evaluation, and strategy
(Thom 2000). The CEERP proceeds through eathesk phases adaptively infted by the results
from the preceding phase(s). The adaptive manageprocess allows adjustment in management
decisions and actions over time, based on new scéteintibrmation in order to achieve long-term
CEERP goals and objectives. As managemesstipns are answered by RME results, program
objectives and strategies are revised as necessary and inform future restoration and RME actions.

! Fish and wildlife Program estuary gegies include habitat restoration tkdo reconnect ecosystem functions,
long-term action effectiveness monitoring, evaluatiosadnon and steelhead migration and survival rates, and
evaluation of impacts from flow regulation, dredging, and water quality.

ZA primary recommendation was, “The Council callstf@ responsible entities to complete an estuary-wide
synthesis prior to the initiation of the review of habitat actions.”
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Strategy
Report

Synthesis CEERP Adaptive _ .
Memorandum Management
Synthesize_a;nd
Evaluate |

Process
Figure1.2. CEERP Adaptive Management ProcessovBr and blue boxes signify adaptive
management phases and deliverables, respectively.

Monitor/
Research |

1.2 Memorandum Contents and Organization

The ensuing sections of this memorandum describapproach used to syesize the state of the
science of salmon ecology, effectiveness of hakéstboration, and changes in the general ecosystem
conditions in tidally influenced areas of thERE as of 2012 and present the overarching research
questions (Section 2.0), under which research thamgegrganized in subsequent sections (3.0 through
6.0). Section 7.0 contains a summary of findings. Section 8.0 outlines recommendations. A list of
literature cited in the narrative is provided in Section 9.0.
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2.0 Synthesis Approach

Development of this Synthesis Memorandum included the review of RME studies performed
throughout the 234-rkm expanse of the tidally inflced main-stem and lower tributary sites below
Bonneville Dam, as well as the principal periphermbayments (Grays Bay, Youngs Bay, and Baker
Bay). Spatial referencing wasdeal on eight hydrogeomorphic reaches, A through H, which extend from
the mouth of the Columbia River to Bonneville Darm{&nstad et al. 2011) (Figure 2.1, Table 2.1). The
focus was on shallow-water habitats that are the primary sites for ecosystem restoration projects and their
associated reference sites. Representative studies ieview covered a range of environments
including forested swamps, scrub-shrub and enmérgegetation wetlandsabkwater sloughs, and main-
stem soft-sediment sites. Several studies tiregamined the ecosystem response to hydrologic
reconnections. A limited number of studies in the demter of the main channel were also included,
where the interest has been salmon survivalhaigdation rates, and not habitat improvement.
Investigations initiated during the period from 199®tlgh mid-2012 were the primary focus of this
review.

Rkm 23
! Rkm 61

Rkm 103

.Rkm 119

Rkm 137

Rkm 165 2
Rkm 204

Figure2.1. The Lower Columbia River and EstuandaEight Hydrogeomorphic Reaches. River
kilometers denote boundaries between reaches.
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Table2.1. Hydrogeomorphic Reach Names and Corresponding River Kilometer and River Mile
Boundaries (Simenstad et al. 2011, Appendix A)

Reach Rkm Rviile
A 4-23 214
B 23-61 14-38
C 61-103 3864
D 103-119 64-74
E 119137 7485
F 137165 85-102.5
G 165-204 102.5127
H 204-233 127145

Information used in this synthesis was acquirethfdg peer-reviewed journal articles and completed
contract reports; 2) electronic searches of the Web of Science and Aquatic Sciences and Fisheries
Abstracts databases; and 3) BPA and Corps com&potts obtained online and via personal contacts.
Where possible, the review used information founcbimpleted summary reports in preference to annual
reports. Many of the studies reviewed were mudtystudies, some of which were ongoing at the time
of the review; future synthesis memoranda will intégrthose continuing research efforts. The resulting
synthesis represents a literature review-based edfffodtpot meta-analysis of data. The sections below
expand the four overall research questions outlined in Section 1.0. For each research question, we
examined literature sources and synthesized irdtiom primarily pertaining to aspects of juvenile
salmon ecology in the LCRE. However, a portiothef review (i.e., Question 4) took a more holistic
approach to evaluating the LCRE ecosystem by reviewing RME efforts that did not necessarily include a
salmon-centric focus.

Definitions for juvenile life historgtages used in this memorandum.

Diversity of salmon life histories has been descriagdn evolutionary strategy to spread risk and
avoid brood failure in uncertain environments (Hedl®91; 2009). Major divisions in salmonid life
history types include the subyearling and yearlingingastrategies, which refer to whether juveniles
migrate to sea during their first year or reside for @nmore years in lotic, riverine, tidal freshwater, or
brackish environments (Myers et al. 2006). The subyearling life history stage can be further divided by
size into fry (defined as fishk60 mm fork length) that can move rapidly to the ocean, or larger fish termed
fingerlings that can rear in a variety of freshwated brackish habitats (Bottom et al. 2005b). However,
these subyearling stages are not discrete “types” perathgr, diversity is represented by a continuum
of juvenile residency patterns aadult spawning times that reflect spatial and temporal gradients in
temperature during incubation and rearing (Brannon et al. 2004; Bottom et al. 2011). Even the yearling-
subyearling migration designation is not necessarilydfixghin a genetic stock of origin. In Chinook
salmon, for example, both yearling and subyearling migrants are commonly produced by fall, spring, and
summer runs of across the wide range of temperatures and elevations in the Columbia River Basin
(Brannon et al. 2004; Copeland andnditi 2009; Teel et al. 2009). The ability of many salmon stocks
to express diverse life histories during the julephase is thought to be an important adaptive
mechanism for mitigating natural environmentatiability (Healey 1991; Waples et al. 2009).
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3.0 Contemporary Patterns of Juvenile Salmon Habitat
Use in the Estuary and Factors that Potentially
Limit Salmon Performance

Since 1990, substantial efforts have been madeaderstand the spatial and temporal distribution of
juvenile salmon in habitats beld@onneville Dam. Studies have been divided into two main themes:
1) survival and migration timing of yearling ataige subyearling salmon in main channel migration
corridors, and 2) associations of salmon with thgspal and ecological attributes of shallow-water
environments (reviewed below). Survival and ratgm timing studies have primarily been concerned
with effects of the Columbia River hydrosystem on ESUs that originate predominately above the
Bonneville Dam, and recent research has brought mewtechnical advances to fish tracking and to
improving the hydrosystem for fish passage. These initiative has focused for the first time on
smaller salmon that have a longer migrationqeeeind depend on shallomater wetlands, sloughs, and
intertidal beaches at which to reside and grow befatering the ocean. Studies in this initiative include
monitoring of time-series as well as investigation of habitat associations in both “natural” habitats and
areas undergoing restoration actions. In the ensuing sections, we concentrate on synthesizing information
pertaining to salmon-habitat associations. We first review the species, life history types, and migration
timing of salmon present in habitat studies, andraarize the spatial vatian in hatchery versus
unmarked fish. Then we summarize habitat associations and possible limiting factors in salmon
requirements for habitat opportunity, habitat caéygaand salmon performance (Simenstad and Cordell
2000; Gray et al. 2002; Bottom et al. 2005).

3.1 Current Patterns of Salmon Species, Life history Types, and
Migration in the LCRE

We identified 10 major studies since 2002 that havestigated juvenile salmon habitat associations
(Table 3.1). Work has concentdton shallow-water habitatsratin-stem and wetland habitats in
reaches A through H, including sites within perigthdays in reaches A and B (Youngs Bay, Baker Bay,
and Grays River). Six species of salmon and amagws trout were identified in these shallow-water
habitats: Chinook salmo®tchryrhchus tshawytschacoho salmon@. kisutcl), chum salmon
(O. ketg, sockeye salmor(). nerkg, steelhead®. mykis} and coastal cutthroat troud(clarkii).

However, of these only Chinook, chum, and coho salmere present in high abundance. These species
and their various stocks display \&rons in juvenile life history characteristics and in the timing and
pathways of their seaward migrations.

Yearling and subyearling life history stages are evident in Chinook and coho salmon, while chum
salmon are primarily captured as fry migrants. Various tracking and monitoring studies indicate yearling
Chinook and coho salmon and steelhead primarily use main channel migratory pathways during spring
(e.qg., Dawley et al. 1986; Magie et al. 2008; Weitkamp et al. 2012), although during winter, larger
Chinook and coho salmon tagged in the Sandy Riv&a dere found to have relatively long residence
times of 2434 d (G. Johnson et al. 2011; Sather et al. 2012). Large smolted subyearling Chinook salmon
also tend to migrate rapidly through the lower river ([2gvet al. 1986; Harnish et al. 2012). However, a
portion of these larger fish are also found in shallow-water habitats (e.g., Poirier et al. 2009a, b; Bottom et
al. 2011; Sather et al. 2011; Roegner et al. 2012). In contrast, smaller subyearling Chinook and chum
salmon make substantial use of shallow subtidalistedtidal habitats of diverse natures (discussed
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Table3.1. Relative Maximum Abundance of JuvenildrBan Sampled From Shallow-Water Siteshie Lower Columbia River and Estuary.
Abundance was categorized by catch per unit effort (Low, <1@juvie>10 — 100; High, >100) or density (Low < 0.01; Medium:
>0.01 to 0.1; High >0.1 ind/fh X = species not found; WQ = water quality; HST = high summer temperatures recorded (>19°C);
LDO = low dissolved oxygen recorded (<6.0 mg/L).

Relative Abundance

Reach Site Rkm Habitat Study Chinook Chum Coho Years WQ Citation
A llwaco 6 Fringing Survey L H X 2011 Sagar et al. 2012
wetland
A Clatsop Beach 8 Main-stem Survey H M L 2002-2008, HST Roegner et al. 2008;
West Sand Is 10 Island Survey M H 2010-present HST Bottom et al, 2011;
Pt. Adams Beach 20 Main-stem Survey H H L HST Roegner et al. 2012
PrElice 22 Main-stem Survey H H L HST
A Vera Slough(a) Fringing Restoration L L 2005-2010 HST G. Johnson et al. 2009
Wetland
A Havenls® Wetland Island ~ Old Breach L L X 2009 HST CREST 2011b
A Colewort CK Fringing Restoration L L M 2010-present  HST CREST 2012a
Wetland
A Waloosk(® Fringing Old Breach L X X 2010 HST G. Johnson et al. 2009
Wetland
B Russian Island 35  Wetland Island Survey L L L 2002-2008 HST Bottom et al. 2011
Seal Island 37  Wetland Island Survey L L L 2002-2003 HST
Karlson Island 42  Wetland Island Survey L L L 2002-2004 HST
Welsh Island 53  Wetland Island Survey H L L 2004-2005 HST
B Svensen 40 Fringing Old Breach L X X 2008 HST Diefenderfer et al. 2012
Karlson 42  Wetland Island Old Breach L L X 2008 HST
Miller Sands 45  Wetland Island Restoration L L X 2009 HST
B Julia Hansen Butler 55 Fringing Restoration L L L 2007-2010 HST J. Johnson et al. 2011;
Wetland Control M L L LDO 2012
B Kandoll Farm” Wetlandisland ~ Restoration H M 2005-2010 HST Roegner et al. 2010;
Johnson Farff{ L M M G. Johnson et al. 2011
B Tenasillahe Island 60 Wetland Island Restoration L X X 2006-2008 HST J. Johnson et al. 2011;
Welsh Island 53 Control M L X LDO 2012
B L. Elochoman Slough 58 Main-stem Survey H L L 2002-2008 HST Roegner et al. 2008;
Upper Clifton Ch 59 Main-stem Survey H L L 2002-2008 HST Bottom et al. 2011;
E. Tenasillahe Is 61 Island Survey M L L 2002-2008 HST Roegner et al. 2012
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Table3.1. (contd)

Relative Abundance

Reach Site Rkm Habitat Study Chinook Chum Coho Years WQ Citation
C Wallace Island 77  Wetland Island Survey M L L 2006-2007 HST  Bottom et al. 2011
C Crims Island 87  Wetland Island Restoration H M L 2004-2008 HST Haskell and Tiffan 2011
C Ryan Island 61 Wetland Island Survey M L X 2009 HST  Jones et al. 2010;
White Island 72  Wetland Island Survey M L L 2009-2011 HST  Sagar et al. 2012
Ryan Island 84  Wetland Island Survey L L X 2009 HST
Lord-Walker Is 99 Wetland Island Survey M L L 2009
C Lord Island 101 Wetland Island Survey M L L 2006-2007 HST Bottom et al. 2011
D Cottonwood Is 113 Main-stem Survey H L L 2009-2010 HST  Diefenderfer et al. 2011
Off Channel
Wetland
E Burke Island 131  Wetland Island Survey L X X 2011 HST Sagar et al. 2012
Goat Island 131  Wetland Island Survey L X X 2011 HST
Deer Island 132  Wetland Island Survey M X L 2011 HST
E N. Deer Is Slough 132 Slough Tide-gated X X X 2009 HST  Pairier et al. 2009a
S. Deer Is Slough Slough L X L LDO
Tide Creek Stream X X M
E L. Willamette R Main-stem Survey ? ? 2001- 2003 Friesen et al. 2007
F Campbell Slough 149 Wetland Survey M L L 2007-9,2011 HST  Jones et al. 2010;
Sagar et al. 2012
G Sandy River delta ~200 Main-stem Survey H M L 2007-2012 HST Sather et al. 2009, 2011;
Off Channel G. Johnson et al. 2011
Wetland
H Franz Lake 221 Wetland Survey M L L 2008-9, 2011 HST  Sagar et al. 2012

(a) Youngs Bay.
(b) Grays River.




below), and subyearling coho are often abundant in therleections of tributary rivers (Poirier et al.
2009a, b; Roegner et al. 2010; CREST 2012a). Hehisesynthesis concentrates on Chinook salmon
with more limited assessments for chum and coho.

3.1.1 Chinook Salmon

Subyearling Chinook salmon are present in the L§B&-round, make extensive use of shallow-
water habitats, and appear to exit to theam in a variety of sizes ranging from 60 mm) to large,
late autumn to winter migrants (Bottom et al. 2011; Roegner et al. 2012). Nearly every habitat
investigated-isolated tide-gated wetlands, areas behint betv and old dike-breaches, beaches along
the main-stem Columbia River, as well astietdy natural herbaceous and forested wetlankias
yielded Chinook salmon (Table 3.1). Restoration activities improving hydrological connections
invariably find near-immediatiacreases in Chinook salmon abundance (Roegner et al. 2010; Haskell and
Tiffan 2011; J. Johnson et al. 2008; 2011b). Howevetjamnd temporal variation are evident in fish
density (or catch per unit of effort [CPUE]), sized genetic stock of origin both among reaches and
among habitats within reaches (detailed below). Thesatioms reflect the particular uses of habitats by
life history stages as well as the proximity of habita stocks of migrating fish. For example,
restoration sites that lack a strong upstream source of migrants, such as Vera Slough in Youngs Bay
(G. Johnson et al. 2007), have lower CPUEs amcksliversities than sites such as Cottonwood Island
(reach C) that are available to a large numbé&S3ifls (Diefenderfer et al. 2011). Densities vary widely
but can exceed 1.0 individual per meter square ()d/fable 3.1). Many intertidal wetland sites are
dominated by fry-sized salmon, which are preserglatively high densities during spring and early
summer, while larger individuals are often found eomporaneously in adjacent deeper channels (Bottom
et al. 2011; Haskell and Tiffan 2011), or farther downstream (Roegner et al. 2012). Small, unsmolted
subyearling Chinook salmon appear to be the dominant salmon species and life history type using
shallow-water habitats. However, all Chinook salrif@nhistory types have been identified in shallow
water systems.

3.1.2 Chum Salmon

Juvenile chum salmon migrate primarily as #8@ mm); they have a punctuated migration period
extending from February through May or early Juniigbh 2009; Roegner et al. 2010, 2012; Sather et
al. 2011). At main-stem sites, chum salmon are generally the second most abundant salmonid after
subyearling Chinook salmon. In the Sandy River delta (reach G) duringZ@0¥, chum salmon
composed 0.5% of the total fish and 10% of the salmon populations, with a mean density in spring of
~0.01 ind/m (Sather et al. 2011). Chum were moderateljmon at most wetland sites in Cathlamet
Bay and other main-stem island complexes, conmgasétween 0.01 and 0.08% of the total fish catch,
although CPUE varied among years (Bottom et al. 20idhe lower estuary, chum salmon were very
abundant from February to May, peaking in Apaihd were absent thereafter (Bottom et al. 2011;
Roegner et al. 2012). They composed 1.1% of the total fish population sampled from 2002 to 2007 but
exhibited a strong spatial gradient, making up 2.0%hefotal and 34.8% of the salmon population in the
estuary versus 0.04% and 0.8%, respectively, in rBadbensities were also roh higher in the saline
estuary (up to 1.0 ind/Mthan contemporaneously at tidal freshwater stations in reach B (Bottom et al.
2011). However, chum salmon weret abundant at all habitats during their migration window. At
Crims Island (reach C), Haskell and Tiffan (2011) sampled just 221 chum salmon over a 4-year period.
Few or no chum were reported from Deer Islarmir{€r et al. 2009a), in tide-gated sloughs at
Julia Butler Hansen National Wildlife Refuge (J. Johnsbal. 2009, 2011), or within tidal channels at
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Cottonwood Island (Diefenderfer et al. 2011). Asdes, the majority of chum salmon were fry
migrants, but in reach A ~10% were fingerling-sized (Roegner et al. 2012).

High abundances of chum salmon were present in restoration sites in Grays River (Roegner et al.
2010; G. Johnson et al. 2012), which remains orbeofew consistent naturehum spawning habitats
(in addition to the existing hatchery program). relthan 3000 chum salmger tide were sampled from
tidal creeks in Kandoll Farm during 2010 (G. Johnson et al. 2012). Chum salmon vacate the Grays River
intertidal habitats by the beginning of May and apptly move rapidly to the estuary (Bottom et al.
2009; Roegner et al. 2010). Other major chum salmon spawning areas in the Columbia River include
Duncan Creek, Washington (reach H), and tleedei-Ives Island complex below Bonneville Dam (reach
H), where fry emergence occurs over an approxima&®lg period ranging from March to April (Tomaro
et al. 2007; Hillson 2009). The presence of chummesalin Colewort Creek (Youngs Bay) suggests the
presence of undetected spawning is occurrirtger_ewis and Clark watershed (CREST 2012a).

3.1.3 Coho Salmon

Subyearling coho were relatively uncommon at n@@timbia River wetland and main-stem sample
sites (Table 3.1), but were found in tidal freshwétbutaries, e.g., Grays River (Roegner et al. 2010),
Tide Creek (Poirier et al. 2009a), Colewort CréEREST 2012a), and Franz Lake sites in reach H (Jones
et al. 2010). Coho salmon occurred infrequently itlamel channels, and their total abundance remained
relatively low at all sites except for the mixed wetlaitel at Lord Island in 2007 (Bottom et al. 2011). In
the Sandy River delta, coho salmon composed 8&teotalmon population but were at relatively low
densities (<0.01 ind/fn At lower river and estuary main-stesites, Roegner et al. (2012) caught only
202 coho from 2002 to 2007, most of which weeanjings. In main channel sites, coho yearling
migration occurred from late April through May chgi2007-2010, red abundances during peak travel
time were relatively high (Weitkamp et al. 2012). There was little evidence of “homads” in the main-
stem Columbia River (Koski 2009).

3.14 Other Salmon and Trout

While other species of salmon and trout (e.g., scekaymon, steelhead, cutthroat trout) have been
captured at various habitats sampled in the LCRE, eatappear to be incidental at most shallow-water
sites. Itis unknown whether this reflects natural tifstory dynamics or is a consequence of habitat
alterations.

3.1.5 Hatchery vs. Wild Juvenile Life Histories in ~ Shallow-Water Habitats

Marks and tags are used to designate hatdigtryrom the progeny of wild spawners, with the
caveat that hatchery marking is not uniform amongoregyi However, the proportion of marked hatchery
fish has increased greatly during the last decade due to Congressional mandate, and the proportion of fin-
clipped subyearling Chinook salmon released frotoleies has risen from approximately 11-14% from
2002 to 2004 to 37.5% in 2005, 63% in 2006, and ~65% to 80% in 2007 and 2008, respectively (Bottom
et al. 2011, collated from the Pacific States MaFRish Commission Risk Management Information
System database, http://www.rmpc.org/). This incréaseflected in field samples. Roegner et al.
(2012) showed an increase in the proportiofime€lipped subyearling Chinook salmon from a mean
(= SD) of 8.0% + 2.0% sampled from 2002 through 2006 to 53.2% * 13.7% sampled in 2007 and 2008,
with the variation occurring across sample sites. Marking of yearling fish, in contrast, remained relatively
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high (71 to 74%) throughout the monitoring period. Similarly, the proportion of marked subyearling
Chinook salmon at the Russian Island emergentanetincreased from less than 1% from 2002 to 2005
to 23%, 51%, and 32%, respectively during the next 3 years (Bottom et al. 2011). Studies after 2009
likely have a more complete assessment of thehkay component in Chinook salmon samples.
Regardless of the increase of marked hatchery salamounmarked fish still cannot be unequivocally
designated the progeny of fish spawning inwlild because not all hatchery fish are marked.

The proportion of marked fish varies substantialityong sample sites. In the Sandy River delta
region (reach G), Sather et al. (2011) found verydapture percentages for marked fish: only 25% of
all salmon and 8% of Chinook salmon captured wadh seines were marked. Likewise, in Cathlamet
Bay wetlands and above (reache<, only 148 of 5273 (2.8%) Chinook salmon collected in all
wetland channels from 2002 to 2008revenarked (Bottom et al. 2011). Most of these fish were small
and presumably progeny of wild origin (because hatcheries generally release fish >60 mm). In reach C,
Jones et al. (2010) found a low percentage ofeaycmarks at Lord/Walker Island (4.4%) and Ryan
Island (4.4%), and moderate marking rates at Whigind (18%). At Cottonwood Island (reach D),
marked Chinook salmon composed <33% of thal talmon catch from April to December 2010
(Diefenderfer et al. 2011). In comparison, 85%bfnook salmon were adipose-fin clipped at Deer
Island (reach E), where there was only a small proportion of unmarked fry (Poirier et al. 2009a, b).
Comparing wetlands formed after natural breach ever@athlamet and Youngs Bays, G. Johnson et al.
(2010) found 20% of Chinook salmon were unclippedaind 58.9% of the total catch were hatchery
marked. As noted above, Roegner et al. (2018¢ted annual and also site-specific differences in
marking rates at main-stem beach seine sitesaiches A and B from 2002 to 2008, but overall, up to
30% of Chinook salmon sampled from lower river and estuary sites&@nmam and likely wild origin
fish. As another line of evidence, stable isotope sdtimm a subset of these fish indicated that most had
consumed hatchery feed (MaigrdaSimenstad 2009). In contrast, tamp et al. (2012) determined
that 91 to 99% of Chinook and coho salmon and steel trout sampled from mid-water purse seines in
reach A were of hatchery origin. Note these salmere generally larger than those found in shallow
water sites and most were actively outmigrating. atams in the proportion of hatchery fish may reflect
the proximity of study sites to hatcheries and natabsts. For example, in Grays River, few marked
coho or Chinook salmon were present but hatchery-redmeah were discernible from wild fish by their
size-at-date (Roegner et al. 2010). Almost all stuidiesd the mean size of marked fish to be greater
than that of concurrently sampled unmarked fish.

Overall, releases of more than 100 million summspring, and fall Chinook salmon produced by 72
artificial propagation programs throughout the ColiariRiver basin (HSRG 2009) are a major factor
influencing contemporary patterns of estuary usgusgnile Chinook salmon. Artificial propagation
programs and rearing practices to a large exten¢ demporal and spatial patterns of salmon abundance,
stock composition, and size distribution within the estuary (Bottom et al. 2011). By selecting for body
size and time of estuary entry, hatcheries furthffwénce salmon habitat use and residence times within
the estuary (Campbell 2010; Bottom et al. 2014lthough RME programs have documented varying
levels of overlap in the distributions of hatcheayd naturally-produced salmon (e.g., Johnson et al.
2010; Bottom et al. 2011; Diefenderfer et al. 2011), possible negative competitive or other ecological
interactions between them have not been invatgijon site- or estuary-wide scales. The potential
influence of hatchery production programs on the success of estuary restoration programs remains
unclear.
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3.2 Habitat Opportunity Limitations

Habitat opportunity is defined as the availabibfyenvironments salmon can access and from which
they can benefit (Simenstad and Cordell 2000; @tagl. 2002; Bottom et al. 2005, 2011). Habitats
include shallow-water main-stem Columbia Rived dributary beaches, backwater sloughs, as well as
emergent marsh, scrub-shrub, and forested swartipnds. Elements for evaluating habitat opportunity
include physical constraints to connectivity (naion barriers, water depth), and physiological
limitations set by water-quality parameters (ptiilyatemperature and dissolved oxygen). Many
restoration efforts focus on restoring habitat opputy by implementing hydrological reconnections.

Many systems with potential salmon habita Bvaccessible to salmon because of hydrological
barriers. The overall area of blocked and restoradbitat has been estimated to exceed 45000 hectares
(http://www.estuarypartnership.org/tidally-impaired-landBiefenderfer et al. (2011) noted that
assessing passage barrier state is the least absbiive means of estimating the state of habitat
opportunity, yet such data are rarely collected or collated.

The physical opportunity for juvenile salmon to accdsslow-water habitats varies in large part due
to water level, and the physical forcing of wateelevaries longitudinally. In the lower river, tides
dominate the hydrography, and water level anddation vary at semidiurnal and synodic periods.
Farther upriver, the influence of tides decreases aod #vents, which are more stochastic in time and
space, can determine periods of access to shallow wetlands. These two physical drivers have
consequences for habitat opportunity. For the Kdriehon restoration site, G. Johnson et al. (2010)
calculated the “realized habitat opportunity”, defirses the integration of physical opportunity and
seasonal migration period for Chinook, chum, and ahmon. Realized habitat opportunity was found
to be a fraction of the total available time due taltichriations, while species and interannual variations
were due to varied migration periods. Bottomale{2011) used hydrodynamic modeling to examine
potential habitat opportunity under various scenariaswidation, water velocity, and temperature at
Russian and Lord Islands (reaches B and D, respegtivEldal range moderated habitat opportunity at
Russian Island (the lower river site), but river flomited opportunity to a higher extent at Lord Island
(because of seasonal and annual variations in river flow). However, even in tidally dominated areas,
flooding events occur. Material exchange was fdaionoe maximal during winter floods (G. Johnson et
al. 2010).

On a smaller scale, restoration projects that inyat®d fish communityasponse to hydrological
reconnections included tide-gaten@vals (G. Johnson et al. 20@®806, 2010; Roegner et al. 2010;
Haskell and Tiffan 2011) and tide-gate replacements ‘figth friendly” designs (G. Johnson et al. 2005,
2006; J. Johnson et al. 2010, 2011). Systemsimilired connectivity ofte have depauperate fish
communities (Roegner et al. 2010), or they have aihigjdence of non-indigenous species (Poitier et al.
2009; J. Johnson et al. 2008, 2011). Restoratiojeqs in the LCRE consistently demonstrate that
enhanced hydrological reconnections improve agdaphic conditions (increased wetted area, lower
temperature), and changes in fish populations are among the initial biological responses to hydrological
reconnections. Studies commonly show increaseatsity of the post-restoration fish community,
including increased access of salmonids to intalrticetlands. The abundance and diet of Chinook
salmon as well as hydrological metrics in emergedtfarested wetlands formed after natural breach
events in Cathlamet Bay and Youri8gy were found to be similar to the surrounding areas, indicating an
increase in system connectivity after breachingJ@nson et al. 2010). However, while tide-gate
replacements (not breaches) usually increase hydrolagioakctivity, they often have reduced exchange

3.7



compared to breaches or non-modified sloughs (hshmn et al. 2006, 2009; J. Johnson et al. 2008,
2011; Haskell and Tiffan 2011). Greene et al. (2@bPypared various types of tide gates on juvenile
Chinook salmon density (primarily in Puget Sound but also in Youngs Bay), and found that all types of
tide gates substantially limited salmon habitat uksive to non-gated reference areas. Increased
connectivity also does not guarantee increased habitat use because the upstream source of potential
migrants varies among tributary systems and m@mseaches (G. Johnson et al. 2006, 2009). The
proximity of a restoration or other habitat type te thigration corridor affects the genetic stock of origin,
size structure, and prevalence of hatchery-raisedfiskrved (G. Johnson et al. 2006, 2009; Roegner et
al. 2010), and the potential source of migrants in an itapbconsideration for restoration site planning

3.2.1  Water Quality by Habitat Type

Dissolved oxygen (DO) concentration and terapge are the primary water-quality parameters
thought to limit habitat opportunignd affect salmon performance.

3.2.1.1 Dissolved Oxygen

Relatively few studies have measured DO conedintr in the LCRE, and the effects of low DO
concentration on salmon were generally based on ladygraxperiments, which are somewhat dated.
These studies have found salmon to be relativelyergot of low DO concentrations and to exhibit
avoidance behaviors when exposed to oxygen levelbait 6.0 mg/L (Davis 1975). The limit to avoid
acute mortality is 3.0 mg/L (EPA 2003). Whitreaet al. (1960) found juvenile Chinook and coho
salmon avoided water with DO concentrationg &fand 6.0 mg/L, respectively, and both species
preferred DO concentrations of 9.0 mg/L. Subledfiects include reduced growth and swimming speed.
Growth reduction in Chinook and coho salmon ocalulrelow about 7.0 mg/L and was severe for salmon
exposed to DO levels below 4.0 mg/L. Low D@ncentration progressively reduces swimming speed in
juvenile salmon (by approximately 20% at 4.0 mddayis et al. 1963; Dahlberg et al. 1968), which can
limit escape responses to predators.

Studies in the LCRE indicate DO concentrations are not limiting to salmon at most of the freshwater
main-stem sites for which¢ine are data (Table 3.1, Sather et al. 2009, 2011; Roegner et al. 2011a).
However, DO concentration decreases below the f-griterion in many poorly flushed sloughs and
backwaters (e.g., J. Johnson et al. 2008; Poiriak. 009a, b; Sather et al. 2009, 2011; SBWC 2011).
These occurrences of low DO concentrations are commonly associated with high temperatures in summer
months, and they may limit salmon habitat use duriegltlly through September period. In addition,
and in contrast to conditions in the main-stem tidedhwater habitats, ocean water with very low DO
concentrations is commonly advected into re&cturing the summer upwelling season, and may lead to
increased stress and/or behavioral modificatiomsigrating juvenile salmon just before ocean entry
(Roegner et al. 2011a). Thus, @BNcentration levels in the Columbia estuary and backwater areas,
while unlikely to be acutely lethal to salmonidsplpaibly invoke behaviorand physiological responses
that limit habitat use and/or reduce salmon performandérerease stress. More research is required to
elucidate the behavioral and sublethal effeti®ew DO concentrations on salmon in the LCRE.

3.2.1.2  Temperature

Temperature is the paramount water-qualityalslg associated with delimiting acceptable salmon
habitat (Bottom et al. 2005; Fresh et al. 2005). Review studies, which are typically based on laboratory
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settings, suggest optimal temperatures for Chirsadkon range from about 10 to 16°C (McCullough

1999; EPA 2003; Richter and Kolmes 2005; Bottorale005). Temperatures below 10°C generally
result in reduced growth rates, with lethalleemperatures ranging from 0 to 6°C, depending on
acclimation temperature (Brett 1952; McCullough 1999). Temperatures in the range of 16 to 19°C may
induce sublethal effects such as decreased gramdlincreased disease prevalence. Temperatures >19°C
are generally considered potentially stressful. ihbgient lethal temperature for juvenile salmon is
between 23 and 25°C (Brett 1952; Baker et al. 1998 critical temperature values and the categories
presented here vary between the species, genetic stock, geographic origin, and life history type tested, as
well as the experimental protocols employed such as acclimation period (McCullough 1999; EPA 2003;
Richter and Kolmes 2005). To this point, estabfigitemperature tolerances and the effects of
temperature stress on salmon physiology specifically for Columbia River salmon is a critical research
need.

In the LCRE, temperature trends in the tidal frester portion of the LCRE are driven mainly by
riverine processes, while temperature in the saline estuary is controlled by both riverine and oceanic
inputs that are partially controlled by climate vailigh(Roegner et al. 2008, 2011b). As a consequence,
there is a much wider daily variation of temperature (and salinity) in the estuary than in the tidal
freshwater areas.

Seasonally, river water temperatures in the LG&REBw a regular and recurring pattern of low
temperature (<10°C) during late Novembenptigh early April. Optimal temperatures {lI®°C) occur
from April through May, but they increase and remain >19°C from June through September or early
October. Summer maximum temperature at Bonneville Dam can approach 24°C, near the reported
incipient lethal temperature. By late autumn through winter, river temperature declines to about 6°C.
Thus, seasonal temperatures regularly lie outsidthérenal optima reported for salmon, and mean daily
maximum temperatures approach the reported lethdklettowever, note that temperatures in shallow
intertidal and subtidal areas and sloughs of resttiatater exchange can diverge substantially from the
main-stem river water due to atmospheric heating or cooling, groundwater flow, and biological effects
such as shading by vegetation (e.g., Roegner 2040; Bottom et al. 2011). This wide seasonal and
local-scale range of temperatures has consequérgasikilothermic salmon, but few studies in the
LCRE have directly investigated the effects of high temperature on salmon condition or physiology.
Studies instead have correlated salmon abundanceemifterature levels or modeled temperature to
evaluate habitat opportunity.

A general theme found in both restoration sites@hdr surveyed systems is a decline in Chinook
salmon abundance at intertidal and shallow-water habitats as temperatures reach about 19°C, which
occurs each year around June. Bottom et al. (20bteled habitat opportunity based on temperature
and depth criteria and found that high temperatanddd habitat opportunity. Storch et al. (2011) noted
that modeled growth of Chinook salmon was reduceshallow-water habitats in the vicinity of the
Sandy River delta during sustaineeriods of high temperature. At Deer Island (reach E) and Kandoll
and Johnson wetlands (reach g 7-day mean maximum temperatures (7-DAM) exceeded 16°C by
mid-late May, and were >19°C within the first waaklune. Sagar et al. (2012) observed consistent
declines in Chinook salmon density at sites in Ré&adh, F, and H beginning in June or July, when
temperatures began to exceed 19°C. Stock-spetifiations indicate many salmon groups migrate in
spring before temperatures reach stressful levelgdB et al. 2011). Likewise, chum migration is
generally complete before temperatures reached (6€gner et al. 2010, 2012; Sagar et al. 2012 ).
However, although abundances in intertidal wetlanllisdfaear zero in many sites after June, salmon are
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still captured in subtidal areas aatdmain-stem shallow-water sitastemperatures as high as 22 to 24°C
(Roegner et al. 2010, 2012; Bottom et al. 2011; Hhake Tiffan 2011; Sagar et al. 2012). In reaches A
and B, temperatures reached levels reported tadssil to salmonids from late June through October
of each year between 2003 and 2007 (Bottom @04l1; Roegner and Teel in review). During that
period, 32.7% of the Chinook salmon were samfriach water >16°C, and 12.3% were sampled from
water >19°C. Some evidence indicates salmon can benefit from increased temperature regimes. J.
Johnson et al. (2009) found extremely high growtegé1.29 to 1.62 mm/d) in waters of restricted
exchange and high temperature. Roegner and(ifedview) determined salmon caught during summer
high-temperature periods had a high morphometric conditidex, contrary to expectations of decreased
fitness due to temperature-induced stress. giglwvth and condition may be maintained at high
temperature with adequate oxygend food supply (Myrick and Cech 2004pnditions apparently met at
most monitored sites. More research is requireducidate the effects of high temperature in the LCRE
on salmon tolerance, behavior, and fitness, esipetiaelation to generic stock of origin.

3.3 Habitat Capacity Limitations

Habitat capacity is defined as the ability dfabitat to support fuions benefiting salmon
(Simenstad and Cornell 2000; Gray et al. 2002tdo et al. 2005). Positive factors defining habitat
capacity include prey production and the resultantri@ogetic potential, while negative attributes include
the presence and impacts of predators and competRasearch to date has focused mainly on prey
resources, and several other studies have investigated competitive interactions. Predatory interactions in
wetlands have not been specifically studied.

3.3.1  Prey Availability and Bioenergetic Potential

Most diet studies in the LCRE have concluded ihsgcts (particularly chironomid flies, see below)
are the main prey for juvenile salmon, especialtysfoaller salmon <80 mm that inhabit shallow-water
systems. Insect production in wetland habitats issesly variable (highest in late summer) and is
generally found to be substantial, although the highest production occurs when salmon use of wetlands is
at present reduced. At Russian Island, emergeibe® ohtotal insects tended to increase with time (max
140 ind n¥d™), while chironomids peaked in June (~40 indd!) (Ramirez 2008). Across 12 wetland
sites, mean annual insect density estimates fedl-out traps ranged from 551 to 4365 indl{fBottom et
al. 2011). Haskell and Tiffan (2011) found inse@duction was enhanceddoverall invertebrate
diversity was increased post-restoration at Crimsitsldnsects including chironomids have also been
shown to be exported from wetlandguction sites to the larger ecosystem (Ramirez 2008; Eaton 2010;
G. Johnson et al. 2010), further emphasizing thEomant trophic link between wetland prey production
and migrating salmon. A bioenetic modeling approach by Storch (2011) focusing near the Sandy
River delta area suggests temperature ratherfttmahsupply limits juvenile salmon growth. These
studies indicate prey production is high and not limiting in individual wetland habitats. However, the
overall loss of marshes in the LCRE and the reduction of a macrodetritus-based food web may have
reduced the overall capacity of the system to suppeenjle salmon compared to historical levels (Maier
and Simenstad 2009).
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3.3.2 Predators

Shallow-water habitats are often considered resugom predation, but few studies located for this
review specifically investigated predation by fishbods on juvenile salmon in shallow-water areas of
the LCRE. Piscine predators of sufficient sizednstime juvenile salmon are rarely identified in species
lists (e.g., Bottom et al. 2011; Jones et al. 2010; Sather et al. 2011), which may be an artifact of beach
seine sampling. Haskell and Tiffan (2011) concluded that restoration at Crims Island did not greatly
benefit northern pikeminnowPfychocheilus oregonensidbass Micropterusspp.), or walleyeSander
vitreug. Conversely, other records do indicate the presence of predators. Pikeminnow made up 6%,
smallmouth bass 1.0%, and largemouth bass ~0.053ke abtal catch near the Sandy River delta; some
individuals were large enough to consume salmon (8atha. 2011). Similarly, at Franz Lake in Reach
H, pikeminnow made up 6.3% and smallmouth bass 1.2% of the total catch, but these species were less
abundant at other sites in Reach H or in samplieg sit Reaches C, E, and F (Sagar et al. 2012). In
passive integrated transponder (PIT)-tag aredySottonwood Island (rkm 113), Diefenderfer et al.
(2011) detected the presence of tagged northern pikemianthe mouths of wetland channels (sizes not
reported) mainly during May and June, concurrent with high salmonid catches. Roegner et al. (2010)
found yearling coho consumed chum fry in restoringamels in Greys River. Weikamp et al. (2012) note
that with the exception of cutthroat trout amith Chinook salmon and steelhead, most fish species
caught in purse seines in deepemraref reach A were too small to feed on migrating juvenile salmonids.
Other potential predators on juvenile salmon include Califodaophus californiandsand Stellar
(Eumetopias jubatysea lions, and harbor sedPhpca vituling, but their impact has not been
documented outside of areas below Bonneville Dam.

However, predation on juvenile salmon by birgispecially double-crested cormorants and Caspian
terns roosting in the lower estuary, has been s@ifi Recent studies estimated millions of steelhead
and yearling and subyearling Chinook salmon were eatenally by birds roosting on a single nesting
island (Collis et al. 2001; Ryan et al. 2003; Robsle003; Anderson et al. 2007). Many larger yearling
and smolted subyearling fish are presumably taken in ofeinnel habitats (Harnish et al. 2012). Four to
8% of fish tagged in the Kalama River bypasBéti-tag receivers on @onwood Island but were
detected on East Sand Island bird colonies (Diefenderfer et al. 2011). Bird predation of “tule” stock
subyearling Chinook salmon is especially significant. Sebring et al. (2010) found up to 44% of salmon
released from lower river hatcheries in summer wekentdy birds. Harnish et al. (2012) found bird
predation was estimated to account for 5.0, &n8, 17% of subyearling and yearling Chinook salmon and
steelhead, respectively, in experime releases from Bonneville Dam. This predation is (probably) the
largest and (certainly) the best-documented sourogodflity of juvenile salmon in the LCRE, but it is
unknown to what extent this predatiis occurring in wetland habitats.

3.3.3  Competitors

Competitive interactions between salmon and other fish species have been studied in Cathlamet Bay
marshes, Grays River habitats, angl Bandy River delta region. By far the most abundant fish species in
shallow-water LCRE habitats is threespine stickleb&zas{erosteus aculeafysvhich generally
composes >90% of the total fish catch in most studies. Spilseth and Simenstad (2011) compared
competitive overlap between salmon and sticklelveithkin Russian, Wallaceand Lord islands, and,
based on consumption rates and available prey resources, overlap was considered limited. Eaton (2010)
examined resource partitioning between Chinookipthand coho salmon at intertidal and subtidal
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habitats of the Grays River system. Chum had high spatial and dietary but low temporal overlap;
Chinook and coho salmon exhibited spatial segregatather et al. (2012) investigated diet overlap
near the Sandy River delta (rkm 1208) between juvenile Chinook salmon and resident species
including threespine stickleback, banded killififtufidulus diaphanogsbluegill Lepomis

macrochiru$, and pumpkinseed.épomis gibbos)s Results suggest little overlap in the diets of juvenile
Chinook salmon and the diets of the resident ggeekamined. Data to date suggest competitive
interactions may be of limited consequence tmeal However, these conclusions are based on few
studies and could reflect incomplete research.

3.4 Salmon Performance

The performance of salmon in a wetland iy@esgism of opportunity and capacity indicating
accrued benefit (Simenstad and Cordell 2000; Gray. @002; Bottom et al. 2005). Metrics defining
performance are measures of fish enhancementasudiet and foraging success, residency and growth,
condition, and life history diversity.

3.4.1 Diet and Foraging Success

While juvenile salmon are omnivorous feeders that prey on a wide variety benthic, epibenthic,
planktonic, and neustonic organisms, the many diet studies in the LCRE convincingly demonstrate that
insects, primarily chironomids, are the single mogidnant prey type. Lott 304) and Bottom et al.

(2011) found chironomids dominated diet compositionsetlands and were the most important prey

taxa. Gammarid amphipods are also prevalent pspecially in main-stem drsubtidal areas (Maier

and Simenstad 2009: Bottom et al. 2011). At sites in the Sandy River delta (rkB0&R0Storch and
Sather (2011) found dipterans, hemipterans, apuals, and mysids generally had the highest relative
importance (%IRlI) in fish diets. Both insects and amphipods are energy-dense and are likely excellent
food for salmon (Gray 2005; Storch 2011). Maiad Simenstad (2009) used stable isotopes to
investigate salmon food webs, and (aside frormhthk contribution from hatchery feed) they found
vascular plants composed a primary source of maferighe food chain (tramsitted to salmon by their
insect and amphipod prey). JuversiEmon tend to feed heavily in wetland areas; stomach contents of
salmon sampled at wetland (as well as main-steted giere generally between 70 and 95% full (Bottom
et al. 2011). However, smaller subyearling Chinooknsal primarily used marsh plains and intertidal
channels, whereas larger subyearlings occupied deaptidal channels (Bottom et al. 2011; Haskell and
Tiffan 2011), and dietary changes in summer have b#ghuted to salmon leaving shallow wetlands
feeding on more pelagic prey, notably cladocsr@nderson 2006; Haskell and Tiffan 2011). In the
brackish estuary, food of marine origin becomes common in diets (Roegner et al. 2008; Maier and
Simenstad 2009; Bottom et al. 2011), indicating that subyearling salmon feed throughout their seaward
migration. Restoration projects can also broesiEmon diets. Subyearling Chinook and coho salmon
and yearling coho all tended to have more diverses d@iatewly restoring restoration sites than in the
surrounding channel habitat (Roegner et al. 2010).

3.4.2  Migration, Residency, and Growth

Outside of specific experiments on field-captured salnmost tagged fish in the LCRE are hatchery-
reared (i.e., large yearling or smolted subyearlings), and tagging studies were designed to measure
migration timing and estimate survival through vasidwydropower systems. Results derived from these
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studies suggest habitat use in the LCRE is depeitestbck, size, and degree of smoltification. Large
smolts migrate rapidly through the system and camsit from Bonneville Dam to the estuary in <5 d
(Dawley et al. 1986; Magie et al. 2008; Harnish e2@lL2). Small sized individuals and especially local
stocks migrate more slowly and use shallow-whsditats for rearing. Here we summarize tagging
studies from main-stem and shallow-water environments.

3421 Performance in Main-Stem Channel Habitats

Starting with the work of Dawley et al. (1986), most studies used marks or tags (acoustic, radio, or
PIT) to track larger subyearling or yearling salmon that often migrate rapidly through the LCRE. In the
lower Willamette River, Friesen et al. (2007) foymdirling Chinook salmon moved with median travel
times of 11.3 km/d. Of 981 acoustically tagged juvenile salmonids in spring and summer, only 7% used
side channels within the Sandy River delta, andtrtalyged fish migrated rapidly in the main-stem
channel (Sather et al. 2009). Residence time was longer for subyearling fall Chinook satb@om) (1
than for yearlings (0-2 h), and steelhead had the shortest residence times (<0.5 h). McMichael et al.
(2011) and Harnish et al. (2012) used acouslgertetry to track subyearling and yearling Chinook
salmon and steelhead from Bonneville Dam to the ac&amvival for release groups was relatively high
from rkm 238 to rkm 86 and decreased thereafter. Overall survival was 0.64, 0.78, and 0.53 for
subyearling and yearling Chinook salmon and sezalhrespectively, with subyearling survival
decreasing over time. Mean travel times for the saldhgroups were rapid (3.1 to 4.1 d), but fish often
decreased their migration rate near the Astoriddgri(rkm 22). Similarly, at Jones Beach (reach C),
Magie et al. (2008) used a paired trawl and PIT-tdgatler to investigate survival and transit time of
salmonids from Bonneville Dam. At Jones Beach, they detected 3.3% of fish recorded at the dam;
median travel time across years was approximately l#h dontrast, at shallow-water main-stem sites,
Roegner et al. (2012) caught only three PIT-taggedaalm6 years of sampling (out of ~12,000 salmon
captured), indicating the larger and smolted fiskt are commonly tagged generally are less commonly
found in shallow-water habitats (e.g., Weitkamp et al. 2012).

3.4.2.2 Performance in Shallow-Water Habitats

The residence time of juvenile salmon in shallwater habitats appears to be dependent on the
location and timing of the study as well as the origin and life history strategies of the population
examined. For example, during spring and sun206i7 and 2008 the residence time of acoustically
tagged steelhead and yearling and subyearlingdbkisalmon (>95 mm) at the Sandy River delta (rkm
190-208) occurred over a matter of hours. Thesle fvere tagged at upstream locations above
Bonneville Dam (Sather et al. 2009). In contrastimduwinter and early spring months 2010 and 2011,
the mean residence tinoé juvenile Chinook and coho salmon in the same area ranged from
approximately 2434 d, with a median residence time ranging from2Bld for the different tagged
groups (G. Johnson et al. 2011; Sather et al. 2018 t&gged for the winter-dgispring residence time
study were captured directly at the site of relesgggesting site fidelity (G. Johnson et al. 2011; Sather
et al. 2012).

Both coded-wire tags (CWTs) aRdT tags have been used to elucidate migration and residency.
CWT recaptures at beach seine sites in reaches A and B revealed maximum migration times of 143 d for
subyearling and 52 d for yearling fish (Roegner et al. 2012). PIT tags have been used experimentally to
measure residence in natural, restored, and degrasieansy At intertidal channels at Russian Island,
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PIT-tagged or batch-marked Chinook salmon had aeergjdences of 5 to 7 d with maximum residence
times of 26 to 34 d (Bottom et al. 2011). Of the recaptured salmon in 2006 and in 2008, 37% resided for
at least 1 week, 14% resided for at least 2 weeks, and 5% resided for at least 3 weeks in the intertidal
channels. (Note that these residency measurements indicate local and not site-specific uses, because
salmon must leave when the site is dewatered). [@imiexperimental reless of PIT-tagged hatchery
Chinook salmon above the tide-gatdugh of Tenasillahe Island revealed a wide range of residence
times (119 d) with a median between 41 to 45 d fertArious release groups (J. Johnson et al. 2008).

In contrast to these studies, atlha backwaters sites at Crims Isld Haskell and Tiffan (2011) found
juvenile salmon used areas for one or two tidales,chnd Diefenderfer et al. (2011) found the average
residence time of fish detected around Cottonwood Island was 8.9 hours (SD = 26.1 hours).

Decoding tags indicates a wide diversity of stagks shallow-water environments. While PIT-tag
receivers at Deer Island recorded few detectionscatidig little out-of-watershed use, Diefenderfer et al.
(2011a) found the geographic origins of the salmvere diverse in shallow-water habitats around
Cottonwood Island. Based on the presence of hatcharls, Roegner et al. (2010) concluded out- of-
basin Chinook salmon were using restoring wetlandarays River. Both CWT and genetic data
confirmed fall Chinook salmon from coastal estuatiesasionally entered into reach A (Roegner et al.
2012).

Another method of assessing residency in saline wats strontium otolith elemental analysis that
indicates contact with saltwater. From Chinook salmon collected year-round between 2003 and 2005 in
reach A, Campbell (2010) and Bottom et al. (2(dst)mated residency in saline water ranged from 0 to
176 d, and sizes at the estuary entrance were estimated to be between 34 and 178 mm. Fifty percent of
salmon in 2004 and 2005 entered saltwater as<B9 (hm) and residence times decreased as the size of
juvenile Chinook salmon increased. As a cangon, Miller (2011) determined from otolith
microchemistry that adult Chinook salmon returninghi Sacramento River in California were derived
from subyearling migrants that entered saltwater avange of sizes: 20% were <55 mm, while 48% left
freshwater when between 55 and 75 mnal the remainder left when >75 mm.

Direct measurement of salmon growth rates meguiecapture of tagged individuals, which few
studies in the LCRE have performed during the reyaeviod. Friesen et al. (2007) found both yearling
and subyearling migrants increased in size from egsirto downstream sampling sites in the Willamette
river, suggesting growth during migration. the Russian Island environment, Chinook salmon had
growth rates of 0.60 and 0.67 mm/d, and individtizés resided more tharnvizzeks increased in fork
length (FL) by an average of 13.8 mm (Bottom et al. 2011). J. Johnson et al. (2009) monitored PIT-
tagged hatchery Chinook salmoreitiow connectivity slough at Tenbahe Island with marginal water
quality and found an average residency of 42 d and extremely high growth rates (1.29 to 1.62 mm/d).

Estimates of growth are also made by analyziogtbtor scale increments. Based on otolith widths,
Campbell (2010) found growth rates of juver@iinook salmon ranged from 0.35 to 0.49 mm/d.
Claiborne et al. (2011) evaluated the scales of adult Willamette Spring Chinook released from net pens in
the estuary to investigate size-dependent mortalitgérocean. Larger fish (>150 mm) at ocean entry
were found to return at a higher proportion than sméfib during 2002 to 2004, but not in 2005. Larger
fish also returned earlier than smaller growing fish. Sagar et al. (2012) found growth rates of juvenile
Chinook salmon at tidal freshwater sites ranged frafi @ 0.61 mm/d, with growth rates in the lower
range more commonly observed in fish collecteda@adh C. Modeling can also lend insight into salmon
growth potential. Storch (2011) used bioenergetiosleling to describe the growth of juvenile Chinook

3.14



salmon near the Sandy River delta (rkm-12@B). Modeled outpstindicate the growth of fish in these
habitats was generally positive, except during fragods that coincided with temperature extremes
(e.g., winter and summer months).

Finally, the condition of salmon has been determined using both morphological indices and
biochemical metrics. At Crims Island, subyeari®ignook salmon were largand had higher condition
factors (Fultons’s K, W/f) at the restoration site compared wgitle-restoration conditions (Haskell and
Tiffan 2011). Roegner and Teel (in review) used redidnalysis to evaluate relative fitness and found a
lower condition index of salmon sampled in the esttlaay those sampled contemporaneously in tidal
freshwater reaches. L. Johnson et al. (2007) foundthetlipid content and condition factor of yearling
and subyearling Chinook salmon decreased from upstidahireshwater sites to reach A; some fish
contained <1% lipid per body weight (a level associated with increased mortality) (Biro et al. 2004).
Sagar et al. (2012) examined lipid content in bodrked and unmarked juvenile Chinook salmon and
observed that the decline in lipid content fromtrgzsm to downstream sites was most pronounced in
marked fish, and was less consistently observeshimarked fish. Lipid content and morphological
condition also tended to be low in juveniles captured early in the sampling season (e.g., in April as
compared to those collected later, (e.g., in MayJm#), consistent witkesults from Roegner and Teel
(in review). It has yet to be determined if thgagations in salmon conditiorelate to subsequent
survival.

3.4.3 Contaminants and Salmon Health

Concentrations of organic contaminants, polgdhbted biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAHS), dichlorodiphenyltrichloroethanes (DDTs) and polybrominated diphenyl ethers
(PBDESs) are generally low and non-threatening inteicfeed and within hatchery juvenile Chinook
salmon (L. Johnson et al. 2010); however, substantial proportions of specimens caught in the lower river
have exposure levels to one of more of these contaminants exceeding values thought to cause health risks
(LCREP 2007; L. Johnson et al. 2007, 2013; Sloan et al. 2010; Yanagida et al. 2012). For example,
concentrations of PAH metabolites were above estineffedt thresholds (Meador et al. 2008) in over
40% of juvenile Chinook salmon bile samples friira lower Columbia River (Yanagida et al. 2012).
Moreover, ~50% of subyearling fall Chinook sanspiem tidal freshwater sites (Johnson et al. 2013)
and ~66% of Chinook smolts from the saltwater portion of the estuary (Johnson et al. 2007) had PCB
concentrations exceeding the 2400 ng/g lipid thresastimated by Meador et al. (2002). Maximum
concentrations of PCBs, DDTs, and PBDEs in julees@lmon from the lower Columbia were all within
the upper range of juvenile salmon sampled in #@fie Northwest, and the condition and lipid content
of a number of these fish, especially smolts, wasradoced. Body lipid content can influence the
tolerance of an organisms to bioaccumulative contaminants, and individuals with lower lipid content
typically show a greater toxic response to comparable exposure (Lassiter and Hallam 1990).
Consequently, L. Johnson et al. (2007, 2013) and Arkoosh et al. (2010) suspect the decline in lipid
content described above could isase the sensitivity of fish to tleéfects of these bioaccumulative
contaminants. The health of juvenile salmon mlap be affected by exposure to other classes of
contaminants present in the lower Columbia Riirerluding pharmaceuticals and personal care products
in wastewater (LCREP 2007; Morace et al. 2012); citiuse pesticides (NMFS 2008) and toxic metals
such as copper (Hecht et al. 2007). More workhereffects of contaminants on salmon health is
warranted, and especially to ascertain whether resiorptbjects near contaminated sites will benefit or
harm migrating fish.
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3.5 Conclusions

Based on evidence to date, the primary direct beneficiaries of restoration of main-stem wetland
habitats will be small subyearlir@hinook and chum salmon with stes numbers of larger yearling
Chinook salmon found in shallow areas. Juvenile Coho salmon are more prevalent in tidal wetlands
within tributary systems than in main-stem sitd&any of the small juvenile salmon are wild spawned,
and constitute a life history type not represented by the hatchery production system. Restoration of main-
stem wetland habitats also has indirect benefifsvenile salmon through export of organic materials,
nutrients, and prey resources from shallow-water to main-tem areas. In order to restore life history
diversity to Columbia River salmon populations, itigical to protect, restore, and enhance the wetland
habitat upon which these fish depend.

Habitat opportunity appears to be a major limitatio salmon performance. Many potential systems
are simply unavailable due to migration barrigReduced flushing, leading to high-temperature and low-
oxygen conditions, also appears to limit theetisalmon can benefit from wetland habitats during
summer months. Tide gates, even those witih‘friendly” designs, improve access but are not as
beneficial as more open hydraulic reconnectiongiihner salmon movements or for maintenance of
adequate water-quality parameters. Conversely, habitat capacity and the limited information about
salmon performance in wetland sites indicate salarerbenefitting from wetland food production that
results in relatively high growttates. Wetland-derived insect prey also appears to be regularly
transported to the wider ecosystem, where it ifae to fish not inhabiting wetlands. However the
overall loss of marshes in the LCRE and the reduction of a macrodetritus-based food web may have
reduced the overall capacity of thgstem compared to historical capacities. Competition and predation
within wetlands requires more research but presdattdare not documented adverse effects on salmon
performance. Additional research is needed, inclugatgntial direct or indirect interactions with non-
native species. Predation studies have not beeducted in wetland sites, and bird predation in
particular may be significant. Nonetheless, redion activities that increase habitat opportunity are
likely to benefit many salmon populations, and effoddd be directed toward targeting sites that can be
fully reconnected rather than left with restricted hydraulic connections.

Patterns of estuary habitat use and the life hestaf juvenile salmon are directly tied to their
freshwater sources. Large releases of salmon from hatchery sources are a major driver of contemporary
stock abundances and the arrival times, sizes, habét@rences, and residence times of juveniles in the
estuary. Because hatcheries target relativelysfdmon stocks and phenotypes, the dominant estuary
rearing behaviors today may or may not reflecththlitat and restoratioreeds of under-represented and
at-risk stocks. Furthermore, neither the intecatiof hatchery- and natural-origin salmon nor the
potential effects of hatchery releases on the estuary geosyave been investigated. It is unclear, for
example, whether continued subsidies of similarhgedihatchery smolts released in concentrated pulses
during the spring have enhanced bird or other predator populations in the LCRE.
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4.0 Factors in the Estuary that Limit Recovery of At-Risk
Salmon Populations and ESUs

The long-term viability of salmon populations has been defined based on four performance criteria:
abundance, productivity, spatial structure, and dive(diigElhaney et al. 2000). The estuary contributes
directly to each of these variables (Bottom et al. 2005; Fresh et al. 2005). The amount of estuarine habitat
that is available to juvenile salmon influences popateibundance and productivity. The distribution,
connectivity, and variety of habitat features in the estuary contribute to the diversity and the spatial
structure of each salmon population. As juvenihigrate through the estuary and to the ocean, the
guality of estuarine habitats can influence the dityeend productivity of populations through life-stage
specific survivals (Fresh et al. 2005).

Accounting for the estuary’s influence on populatiGability requires methods for reconstructing the
estuarine life history pathways and performancadividuals from particular populations or ESUs of
interest. Until recently, the movement patterns andrepsources of fish captured in the estuary could
be determined only for tagged individuals (e.ging€WTs, PIT tags, or acoustic tags). Yet most
tagging methods are limited to large (e.g., >95mufljyearling and yearling size classes, whose estuarine
life histories and performance appear to differ marké&aiyn those of smaller subyearlings (Bottom et al.
2011). Representative tagging of naturally produced@alfrom target populations is quite difficult, and
recapture rates in the estuary are generally lowtalimited sampling, thus hampering the ability to
draw inferences about estuary perforocgnsing mark/recapture methods alone.

Within the last decade, stock identification teciugis using microsatellites as genetic markers have
improved sufficiently to classify the genetimusces of Chinook salmon (i.e., tagged or untagged)
captured in the estuary (e.g., Teel et al. 2009). The techniques are allowing investigators to compare
estuarine life histories and ecology among ¢jerstock groups and ultimately, may allow the
development of restoration strategies targetingpttricular habitat needs of at-risk stocks and
populations. However, several challenges still limtieipretation of the stodffiliations of individual
fish based on genetic composition. First, the exgstienetic baseline can distinguish genetic sources to
approximately the ESU level, but it cannot resolféedences at finer geographic scales (e.g., individual
streams of origin). Improved baselines for individual Columbia River subbasins could increase the
geographic resolution of genetic analyses in the fut@exond, artificial propagation and fish stocking
programs have redistributed many stock groups aitbieir natal basins (e.g., Teel et al. 2009; Johnson
et al. 2011; Sather et al. 2011; Bottom et al. 2011; Roegner et al. 2012) and will continue to complicate
interpretations of the geographic origins of individusdmpled in the estuary. For example, Johnson et
al. (2011) described past stock transfers of"tédll Chinook from the Big White Salmon River into
hatchery and tributary populations in the ColunfRieer Gorge and lower river. Similarly, upper
Columbia River Summer/Fall stock (from the upperrizast of the Cascades) are now produced in
Columbia River Gorge tributaries and hatcheriediarmain-stem areas below Bonneville Dam. These
and many other fish transfers demand caution befi@eing conclusions about the geographic origins of
estuary-resident juveniles based solely on their genetic composition.

New analytical methods have successfully reconttd the sources of fish from areas with sufficient
environmental heterogeneity to leave distinct chemical signatures on otoliths. For example, variations in
otolith strontium isotopic ratio$’6r°Sr) were found among major Califéoa Central Valley rivers and
hatcheries, enabling classification of fall-run ESUn@ok salmon to their natal stream sources (Barnett-
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Johnson et al. 2008). Ultimately, a combinatédigenetic and otolith techniques may improve
interpretations of the geographic origins of salmBarnett-Johnson et al. (2010) combined broad-scale
genetic and fine-scale otolith isotopic markers to distinguish the geographic origins of Chinook salmon
from the Mid and Upper Columbia River summer/fathr Other otolith isotopic or elemental signatures
may enable finer-scale interpretations of natalasth origins for salmon from other Columbia River

ESUs, but additional research is needed toldpvi@ese tools before they can be applied.

Difficulty distinguishing hatchery from naturally produced salmon remains a fundamental
impediment for interpreting the sources of salmonectdid in the estuary. The inability to fully account
for hatchery subsidies in naturally spawning popaites also may further mask declining population
trends or yield false conclusions about the recowéwyild populations (R.dhnson et al. 2012). Until
recently, the proportion of fish marked in ColumBia&ver hatcheries was low and precluded comparisons
between hatchery and naturally puodd stocks within the estuarffor example, excluding releases of
interior spring Chinook salmon stocks, hatcherykimg rates for Columbia River subyearling Chinook
salmon were only ~11 to 14% from 2002 to 2004. This increased significantly after 2006 to ~65% and
80% in 2007 and 2008, respectively (Bottonale2011; www.rmpc.org). Despite the overall
improvement, marking rates for some stocks remaatively low, as mentioned in the previous section,
limiting abilities to distinguish wild from hatchery saimwithin the estuary. For example, <70% of the
subyearling Upper Columbia River summer/fall Chingaknon released from hatcheries were marked in
2008 and 2009 (www.rmpc.org). New analytiaadls using otolith structural (Andrew Claiborne,

Oregon State University, personal communication)isotbpic methods (R. Johnson et al. 2012) hold
promise for distinguishing unmarked hatchery from igth, but these methods are costly, involve lethal
sampling, and may require further validation particular locales or stocks of interest.

Reconstruction of the life history pathways dne estuary performance of salmon from particular
populations or stock groups is necessary to answaguastion, “do factors in the estuary limit recovery
of at-risk salmon populations and ESUs?” Recent impnargs in genetic stock identification techniques
have enabled researchers to identify and comparestharine distributions and habitat associations of
juvenile Chinook salmon from a diversity of genetic ktgmoups. However, it is much more difficult to
assess how habitat conditions and salmon performanci Withestuary may affect adult returns or the
viability of a particular poplation or stock group. He we review the status of recent RME efforts to
address each category of information need: doksspecific habitat use and performance within the
estuary (i.e., which estuarine habitats support eaatmsaESU?), and 2) estuargntributions and limits
to the viability of populations and ESUs (i.e.edasalmon performance within the estuary limit the
number of adults returning to particular ESUs?).

4.1 Stock-Specific Habitat Use and Performance Within the Estuary

A key objective of several estuary RME plans hesrbto characterize the stocks of origin for
juvenile Chinook salmon occupying selected estuabjtiz and regions. RME surveys primarily have
targeted shallow-water habitats, including sabdgches along the estuary’s main-stem; tributary
confluences and deltas; and wetlands, tidal floodplaim$,other backwater areas. An expanding genetic
baseline for Chinook salmon and improved stock idieatibn techniques have enabled estimation of the
most probable stock affiliations of individuals in each sample collection. The reports of recent RME
surveys thus provide the first snapshots ofpitegortional stock composition for Chinook salmon found
at each estuary locale. While the methods for gestiak identification have been standardized, the
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sampling design and time periods of recent surveys hat, thereby limiting efforts to synthesize results
across studies. Nonetheless, between-survey cisuoparare useful for developing hypotheses about
stock distributions and migrations at bdea (i.e., interannual or estuary-wide) scales.

Improvements in the genetic baseline for Chinsaknon in the last decade have increased the
regional specificity and accuracy of genetic assigrnmeUsing a standardized West Coast Chinook
salmon genetic baseline based on microsatellite DNA loci (Seeb et al. 2007) and additional data from
previous Columbia River studies, nine regional Gbkisalmon stock groups have been defined within
the Columbia River basin. Genetics data for selectedsioutside the basin also have been incorporated
into the genetic baseline to assess potential estuary contributions from Oregon and Washington coastal
fall Chinook stocks and from hatchery releases or naturalized populations of Rogue River fall Chinook
salmon (Bottom et al. 2011; Sather et al. 2011; Roegner et al. 2012).

4.1.1  Genetic Stock-Group Distributions and Habitat Associations

Comprehensive reports of Chinook salmon stock affiliations include summaries of 2002 to 2006
surveys of the lower estuary (rkmB)1, reaches AC) (Bottom et al. 2011; Roegner et al. 2012); 2009
to 2010 collections in the Cowlitz to Lewis River region (rkm-1141, reaches D and E) (Sather et al.
2011); and 2007 to 2010 samples in the Sandy River delta (rkn2@88reach G) (Sather et al. 2009,
2011). The genetic results for each survey expresséiae proportional stock contributions for all
stations and time periods are summarized in Table 4.1.

Table4.1. Estimated Stock Composition of China®&lmon Reported From Surveys in the Lower
Columbia River Estuary (rkm 8-84, reachesBA (Roegner et al. 2012), Mid-Columbia
River Estuary (rkm 110-141, reaches D and BJi{&r et al. 2011), and Sandy River Delta
(rkm 188-202, reach G) (Sather et al. 2011).

Estimated Stock Proportions (%)

Lower Estuary(a) Middle Estuary Upper Estuary
Jan 2002—-Dec 2006 Jan 2009-Feb 2010  Jun 2007—-Apr 2010

Unmarked Marked Unmarked Marked

Stock Group (n =2138) (n=362) (n=54) (n=1242) (n=159)
West Cascade Tributary fall 50.8 75.4 24.4 15.3 4.3
West Cascade Tributary spring 2.8 4.8 5.0 2.1 0.6
Willamette River spring 1.3 4.4 13.6 7.7 1.9
Spring Creek group fall 33.8 115 57.1 34.9 68.7
Deschutes River fall 0.3 0.3 0.0 3.2 1.8
Mid/upper Columbia River spring 0.0 0.0 0.0 0.0 0.6
Upper Columbia River summer/fall 6.2 0.2 0.0 334 19.6
SnakeRiverfall 0.8 0.9 0.0 3.3 24
Snake River spring 0.1 0.0 0.0 0.1 0.0
RogueRiver fall 25 0.3 0.0 0.0 0.0
Coast fall/spring 14 -- -- -- --

(a) Results are for beach seine s#@weyed in the lower estuary, 26@D06. Additional data for wetland
habitats are summarized Bypttom et al. (2011).
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The genetic composition of more than 2100 Chinook salmon collected in the lower 100 km of the
estuary was dominated by fall-run Chinook salrfrom the lower Columbia River ESU; approximately
85% of all samples were classified as West Casdaibutary or Spring Creek group fall Chinook stocks
(Table 4.1; Bottom et al. 2011). However, each of the other stock groups in the genetic baseline also
contributed to lower-estuary samples excepMatdle and Upper Columbia spring-run stocks.

Sather et al. (2011) collected >400 genetic sasnpédween January 2009 and February 2010 in mid-
estuary reaches between the Cowlitz and Lewis tilartary junctions. The stock composition results
for unmarked (n = 362) and marked hatchery Chinook (n = 58) were summarized separately. Although
survey years and sample sizes differed for the twaestuthe stock composition results for the lower and
mid-estuary were similar (Table 4.1). For exampiere than 80% of the unmarked and marked Chinook
salmon collected in mid-estuary habitats wess a&lassified as fall-run Chinook from the lower
Columbia River ESU. Unmarked Chinook in the mid-estuary region were dominated by West Cascade
Tributary fall run Chinook, but Spring Creek graiai Chinook represented a higher proportion of the
marked salmon.

In contrast to the lower and mid-estuary fessiWest Cascade Tributary fall Chinook salmon
composed a much smaller proportion (~15%) of recent sample collections-28007 n=1401) from
shallow habitats near the Sandy River delta (TaldlgSather et al. 2011). When contributions from the
Spring Creek group fall stock are included, the lo@elumbia River ESU still accounted for ~50% of
the marked and >70% of the unmarked Chinook salcatiacted in shallow habitats of the Sandy River
delta. However, unmarked salmon in the Sandy River delta vicinity included contributions from a greater
diversity of genetic stock groups that were less prevalent in the lower and mid-estuary survey areas,
including upper Columbia River summer/fall (~33%jillamette River spring (~7%), Snake River fall
(~3%), and Deschutes River fall (~3%) Chinoadcks. The presence of Willamette River spring
Chinook in the Sandy River collections (upstream ftbenWillamette confluence) are likely a legacy of
past hatchery releases of Willamette River spring Chinook in the Sandy River basin (Myers et al. 2006;
Sather et al. 2011).

Teel et al. (2009) analyzed winter and spring sample collections from a study of main-stem habitats
and floodplain wetland sites in the lower WillameRiger just above the Columbia River confluence
(Baker 2008). The results indicated that subyearling Chinook salmon from a diversity of Columbia River
stocks move into the lower Willamette River twcapy shallow habitats. Not surprisingly, natal
Willamette River spring Chinook salmon accounted flarge proportion (40 to 71%) of the winter and
spring collections from river and wetland sites in208owever, subyearling spring and fall Chinook
salmon from other ESUs also moved into the Willamette River from the Columbia River during winter
and spring, including significant contributions fr@pring Creek group fall Chinook (e.g., 49% of river-
wetland samples in winter 2005), West Cascade Taikgpring and fall stocks, and the upper Columbia
River summer/fall group (26% of the 2006 wetland sample).

The genetic composition of Chinook salmon smolts in the Grays River (reach B) included a mixture
of Rogue River (63%), West Cascade Tributatly(26%) and spring (8%),ral Willamette plus Upper
Columbia (2%) stocks, demonstrating the effeffsast hatchery practices and straying on salmon
populations (Roegner et al. 2010).

Genetic results for a variety of time periods astlary regions since 2002 suggest that stocks of
Columbia River Chinook salmon are not distributedamily in space or time, but exhibit characteristic
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patterns of migration and habitat use. Samples foover (Bottom et al. 2011; Roegner et al. 2012) and
mid-estuary reaches (Sather et al. 2011) included contributions from the full diversity of stock groups
(except for interior spring Chinook stocks), but were dominated by lower Columbia River fall Chinook
salmon. In contrast, samples upriver near th@laence of the Sandy river delta included a greater
representation of interior Columbia River and Wiikstte River stocks. Spring Creek group fall Chinook
stocks were abundant primarily during the springath the Sandy River delta and the lower estuary
surveys, but were nearly absent during the summefal. West Cascade Tributary fall stocks were

well represented in both survey areas throughougehe but were more dominant in summer and fall
samples from the lower-estuary sites. The Upper Columbia River summer/fall stock group was present at
the Sandy River delta during much of the year, bereiased substantially in summer and fall collections,
and accounted for 73% of the July samples. Althoughh less prevalent in lower-estuary surveys, the
proportions of Upper Columbia River fall QGlaiok similarly increased during the summer-fall.

At a site scale, genetic survey results were igdiyanore variable, and nmnsistent differences in
stock proportions were apparemhong shallow-water habitat types sampled within the same estuary
regions. For example, Chinook salmon stoakpprtions were similaamong floodplain wetland and
main-stem sampling sites in the lower Willamette River (Teel et al. 2009) and between interior wetland
channel and main-stem habitats in adjacent areas of the lower estuary (Bottom et al. 2011). Substantial
differences in stock composition become apparent, hervevhen deep mid-channel habitats are also
surveyed. For example, purse seine collections fmidachannel habitats in the lower estuary include
higher proportions of interior spring and fall runaks and lower proportions of lower Columbia River
fall Chinook stocks compared to near-shore sitegptad with the beach seine (Roegner et al. 2008,
Weitkamp et al. 2012). The higher prevalence of interior spring stocks (which migrate primarily as
yearlings) in purse seine collections is consistétit abserved size-dependent patterns of estuary habitat
use and migration: yearlings and large subyearlings are generally more abundant in deep habitats,
whereas fry and fingerlings dominate in wetland channel and near-shore areas.

In March 2010, NOAA Fisheries initiated a 2-yealieof bimonthly genetic surveys to compare
shallow-habitat stock distributions at an estuary-resmelle and to ensure that the patterns previously
observed are not merely an artifact of differgily periods, locations, and methods. The surveys
targeted three shallow habitat types in thaltitlvial hydrogeomorphic reaches (C—E) between
~rkm 100 and Bonneville Dam. The preliminaegults support the general patterns described above
(D. Teel, Northwest Fisheries Science Center, bhglved data) and reinforce the conclusion that
variations in stock composition arertsistent between years and at the estuary-reach scale. Final results
of the 2-year genetics surveys will be reported by the fall of 2012.

4.1.2  Stock-Specific Life Histories and Performance

Variations in migration timing and sizes reflect aeailsity of juvenile life histories within and among
the genetic stock groups surveyed in shallow estuarine habitats (Roegner et al. 2012). Whereas
West Cascade Tributary fall and Spring Creek group fall stocks in the lower estuary are represented
primarily by fry and fingerling migrants, less abuntiatock groups, including West Cascade tributary
spring and Willamette River spring stocks, encasgpa wider range of sizes and ages, including
subyearling and yearling migrants. Recent lowdfdiiette River surveys (Teel at al 2009) similarly
noted that spring Chinook salmon stocks produce not only yearlings, but also fry and fingerling migrants
that use shallow tidal habitabefore entering the ocean.
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Otolith studies indicate that juvenile Chinookmsah in shallow-water habitats near the estuary
mouth include a high proportion of individuals that had reared in the estuary prior to capture (Bottom
et al. 2011). Approximately 80% of 192 juven@dinook salmon otolith samples collected from Point
Adams Beach and analyzed for life history in 2604 2005 were classified as Spring Creek group and
West Cascade Tributary fall stocks. However vadiity of other stocks were represented, including
Upper Columbia River summer/fall (n = 9 in 2004) amdoduced Rogue River stocks (n = 11 in 2005).
Estimated residence times in the brackish portiah®fower estuary ranged from 1 month to several
months prior to capture. Back-calculated sizeadtivater entry averaged ~60 mm for the Spring Creek
group and West Cascade Tributary fall stocks, and their annual mean residency times ranged between
24 and 76 d for the 2 years. Despite a higher estimated mean size at estuary entry (~88 mm FL),
residency estimates for upper Columbia River fall summer/fall stocks averaged 82 d. These residence
time results represent minimum values because thighatechnique does not account for days of
residence in the large tidal-fresh portion of the estoafgr any additional days that captured individuals
might have remained in the eaty before entering the ocean.

Although salmon residence time in the estuary tends to vary inversely with fish size (Campbell 2010),
monitoring of PIT-tagged fish in shallow habitatslod lower estuary also suggest that even some
hatchery-reared salmon may linger in the estuarywieks before migrating seaward. In 2009, PIT
antennas deployed in a shallow wetland channel s¢iBni Island detected 17 Chinook salmon released at
Bonneville Dam or at Spring Creek National Fistid¢tiary. Travel times to the lower-estuary wetland
averaged ~41 d (21-61 days), indicating that at le@sie hatchery fish migrated slowly and entered
shallow wetland channels in the lower estuary (Botoml. 2011). This finding differs from the results
of acoustic tagging studies that reported Chinoakigalmigrating through the entire estuary (Bonneville
Dam to near the estuary mouth) within 3 or 4 d (McComas et al. 2008; McMichael et al. 2010).
Estimated estuary residence times for Chinook salimasivary widely depending on the experimental
methods chosen and the particular habitabekst and life histories targeted by each study.

Recent tagging studies in the Sandy River delta provide evidence of unexpected diversity in the
estuary rearing behaviors of multiple stock€bfnook salmon. From January through April 2010,
G. Johnson et al. (2011a) captured and tagged fidtei®andy River delta and monitored their local
residency based on tag detections at acoustic receMeesly 60% of the 51 tagged fish were classified
as Willamette River spring Chinook salmon and ntisty originated from stock transfers into the
Sandy River basin. Most of the other tagged fish were West Cascade Tributary (spring and fall) stocks,
but several upriver stocks—Snake River sprind fall and upper Columbia River summer/fall—also
were represented. For 48 tagged individuals (nida= 111 mm) with at least one valid detection,
residence time in the area averaged 34 d. One-quédttee locally tagged fish were fall Chinook stocks
that may have over-wintered in shallow areas of thé-figksial estuary rather than enter the ocean during
their first year of life (G. Johnson et al. 2011).eTdxtended residency of locally tagged Chinook salmon
during the winter/spring period contrasts sharply withnitoring results for other groups tagged above
Bonneville Dam that migrated rapidly through the@aRiver delta and vicinity during spring and
summer.

Burke (2005) hypothesized that life history diversif juvenile Chinook salmon within the estuary
has declined relative to the comyplaatterns described from a series of surveys and scale-pattern analyses
in 1914-16 (Rich 1920). Results of lower-estuanmyeys in 2002-08 further support this hypothesis:
assuming Rich’s (1920) results are representative of historical life histories, far fewer subyearling
migrants now enter the estuary during summer ahthfn did a century ago. Multiple factors could
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explain the apparent shift, including reducedring opportunities within the estuary, population losses
from upriver stocks that formerly contributed lategraints to the estuary, and hatchery programs that
have concentrated production of relatively femlmon phenotypes (Bottom et al. 2005, 2011).

Although a few RME studies have documented vianatin estuary residency and life history
diversity within stocks, most salmon perforroarmeasures—e.g., foraging success, growth, condition—
depict the average result for all dtsmccupying a habitat or reach. Sample sizes are often too small to
quantify performance by stock group, particularly for those at-risk stocks that are poorly represented in
field collections. This is further complicated dyalytical methods that require subsampling. For
example, otolith techniques for life history and gtieweterminations are costly and require lethal
sampling, limiting the number of individual fish thzn be collected and processed from any one stock
group. Through long-term monitog, sample sizes for poorly represented stocks might be increased
sufficiently to more adequately characterize their estuary habitat use and performance.

4.1.3 Estuary Contributions to Population Recovery and Viability

RME studies to support salmon recovery hawmarily explored salmon ecology and performance
within the estuary, particularly in shallow-water hatsitaThe results indicate that most if not all Chinook
stocks are able to express a diversity of life hismrincluding extended periods of estuarine rearing (i.e.,
weeks or months) before migrating to sea. Ermgirstudies have shown rétmships between habitat
use in the estuary and juvenile performance, howdwey,have not quantified the importance of estuary
performance to population viability or the benefitsedtoring estuarine habitat opportunities for salmon
recovery. This implies a fundamentally different egsé approach that places the estuarine life histories
of salmon in a life-cycle context. Many studiedhie basin have adopted elements of a life-cycle
approach, particularly in freshwater areas, tieaisource of known spawning populations. However,
downstream in the estuary populations throughouCtilambia basin intermix, and the natal population
sources for most individuals may be impossible to identify. Recent studies have begun to use otolith
micro-chemical techniques to identify the juvenile life histories represented among Chinook spawners
returning to selected ESUs. Life-cycle modelsadse being used to explore the sensitivities of salmon
populations to improvements in estuary performamgesaibsequent ocean survival. Both otolith and
modeling studies are progressing but published resutts meg available at the time of this review.

Tagging experiments have been widely useithénColumbia River as a method for estimating the
adult population response to various management strategies for improving salmon survival at particular
life stages. For example, a large number of studies éstimated the survival of selected stocks with
different migration pathways (i.e., barge transpsrtin-river migration) through the hydrosystem to
assess “delayed mortality” effects at subsequent higest (e.g., Muir et al. 2006; Schreck et al. 2006).
The presence of PIT detectors at each main-stermmatlam survival to be estimated for tagged out-
migrants and returning adults ttughout the riverine migrations of various stocks. In many of these
studies estuarine and marine mortality are simply lumped as a single oesduittsurvival value
because no population counts are made betweentbeatsmolt passes Bonneville Dam and returns as
an adult (Haeseker et al. 2012). To quantify mortalities within the estuary, some studies have used
acoustic receivers or radiotelemetry to mon#imolt movements and estimate mortalities at various
locations below Bonneville Dam (Schreck et al. 200/elch, et al. 2008; Clemens et al. 2009).
Experimental hatchery groups released into the estuary also have been used to examine the effects of
migration timing (e.g., Muir andr&Bmett 2008) and size (e.g., Claiboeteaal. 2011) on ocean survival
and adult returns.
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Beyond estimating survival, an important advantafgelT- or acoustic-tagging methods is the ability
to monitor variations in migratory and rearing bebawithat may contribute to adult returns and benefit
population resilience (Bottom et al. 2005; Heale920 For example, using PIT-tagging methods and
scale analysis, Connor et al. (2005) concludedShake River fall Chinook salmon express at least two
alternative juvenile life histories that contributedtal adult returns: ocean-type (subyearling migrants)
and reservoir-type (yearling migrants). This finding contradicts historical data indicating that the
population consisted almost entirely of subyearling migrants, and implies that a novel life history
adaptation has developed in response to the stoesgrvoir system (Williams et al. 2008). However,
scale pattern analysis could not discriminate betweeltsatiat had spent their first winter in a reservoir
and those that may have resided somewhere tmmeville Dam (Connor et al. 2005). Subsequent
PIT analyses have confirmed that a significant number of transported Snake River subyearlings indeed
overwinter below the dam (Marsh et al. 2010). Ekpental tagging recently identified a variety of
lower and upper Columbia River fall Chinook stocks—including Snake River, Spring Creek, Upper
Columbia, and West Cascade Tributary groups—dkiatwinter in the upper estuary near the Sandy
River delta (G. Johnson et al. 2011).

Unfortunately most tagging methods are not suitétu tracking small subyearling migrants in the
Columbia River estuary or monitoring their relative contributions to returning adults. Acoustic tags are
too large to tag salmon <~95mm, and although PITd¢ag®e applied to fish as small as 60 mm, a large
proportion of the juveniles in tidal wetland channels @ia®f smaller fry migrants (Bottom et al. 2011).
The narrow detection range of PIT antennas furthatdithe habitat types and spatial scales that can be
studied using remote PIT-detection systems. Other research approachesede¢maedount for the full
diversity of size classes and migratory patterns expressed by many populations.

Small estuary tributaries may provide one usefidrnative for investigating the importance of
estuarine habitats to the viability of individual popigias. Such tributaries may provide a useful small-
scale analog for understanding salmon habitat ugeeimain-stem estuary, including (1) a full
continuum of freshwater-tidal habitats, where tinepile life histories of a known population can be
guantified; and (2) an associated network of fresbkmgaring and spawning habitats, where river flows
and the migrations of salmon are unimpeded by+vagem dams. For example, Craig (2010) used
salmon scales to classify the juvenile life histories of a coho salmon population in Grays River, a tributary
of the lower Columbia River estuary. Through smalpping upriver and frequent field collections in the
estuary, she documented juvenile coho migration tisiess, and distributions and identified consistent
scale patterns corresponding to particular migrantreadng behaviors. She identified at least five
prominent juvenile life histories in the Grays River population. The results provide a catalogue of scale
patterns for at least one coho population that cbaldnalyzed in adult scales to quantify the relative
contribution of each juvenile lifeistory to returning adults.

Among interior salmon populations that enterrtgn-stem Columbia River far upstream of the
estuary, alternative methods may be required to irgetpe estuary’s contributions to adult returns and
population viability. Campbell (2010) compartbe effectiveness of scale morphometrics, scale
chemistry, and otolith chemistry for reconstructingjthesnile life histories of various stocks of Chinook
salmon sampled in the LCRE. He concluded that scale morphometrics does not provide a consistent
indicator of estuary entry for classifying the juverttile histories of Chinook salmon. Otolith strontium
offered the most reliable and sensitive indicator ah@bk entry into the saline portion of the estuary.
However, because no suitable chemical indicator bas bBstablished for the tidal fresh environment, the
otolith technique can only provide a minimum estinaftestuary residency. Thus, otolith chemistry
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alone may not be a satisfactory tool for life histonydgts involving stocks that reside primarily in the
upper estuary.

The results to date indicate that no single reseawdior design will be adequate to interpret the
estuarine life histories or quantify the estuary’s contions to all stocks. A combination of approaches
specific to the sampling challenges and tifgtories of each ESU may be required.

4.2 Conclusions

Until recently, fish surveys in the LCRE provitigeneral descriptions of the distribution and
abundance of juvenile salmon. The upriver souofestuary-rearing salmon could only be determined
for individuals that had been tagbm their natal basins or in hatcheries and later recaptured. Not
surprisingly, information about stock-specific iegrand migration behaviors was based primarily on
results from relatively large, tagged hatchery smdhgthe last decade, new tagging techniques, otolith
chemical analyses, and an improved genetic bastinChinook salmon have greatly expanded our
capabilities for interpreting stock-specific patterns of egtugaring and migration. Genetic results have
documented variations in the stock compositio@binook salmon in various estuary reaches and
habitats. Tagging studies and otolith chemical methaste described life history variations for a few
genetic stock groups. Overall, limited results to datggest that estuary residency and habitat use vary
among stocks and their associated entry locations, times, and sizes. These findings have important
implications for selecting estuary restoration projewtse strategically to satisfy the diverse estuary
migration pathways and habitat requients of salmon from different ESUSs.

Despite a wealth of new data about stock-spebdibitat use, life histories, and performance of
juvenile salmon in the estuary, much remains teebmed about the importance of estuary rearing to
population viability and salmon recovery. Contingstuary monitoring is needed to more fully
characterize juvenile life history variations wittand among genetic stock groups, including at-risk
stocks that are in low abundance and often paegyesented in estuary sample collections. Mid- and
upper reaches (D — H) of the estuary have been sohegs intensively thandke in the lower estuary.
Additional surveys will be required this region to encompass the full range of habitat types or time
periods for different genetic stock groups. MostRMudies have targeted shallow-water and near-shore
areas, including habitat types that have been mosisivey modified by histacal development and that
are the primary focus of estuary restoration. Md#hfor sampling deeper channels further from shore
(e.g., purse seine, pair trawl, acoustic—tag monitogtg) often select for high proportions of yearlings
and hatchery fish that tend to move most rapidly through the estuary during punctuated migration periods.
Additional surveys in deep channel habitats maydedul if the objective is to estimate survivals or
migration rates for rapidly migrating stocks (e.gumh steelhead, sockeye) or to compare stock-specific
life histories (i.e., subyearling and yearling migrants) across a wider range of estuarine habitat types.

Most RME studies have evaluated salmon habitabuperformance within the estuary and have not
determined whether estuary rearing conditions imit@eadult survival. New life-cycle approaches to
research and monitoring are needed to quantéettuary’s linkages to salmon populations and to
evaluate the importance of estuarine habitat oppdi¢s for salmon recovery. A series of indicator
populations and experimental methods should be@raglto directly measure the contribution of
estuarine habitats to adult returns and population viability.
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5.0 Estuary Restoration Actions and Salmon Performance
Within the Estuary

Tracking restoration projects and associatedadaifectiveness (AE) research within the LCRE
proved to be a formidable task because numerous fedit®, and local entities participate in various
phases of ecosystem restoration and researcbording to the Lower Columbia River Estuary
Partnership (LCREP) database, 42firmed aquatic restoration peajts (e.g., hydraulic reconnections,
channel creation, large woody debris [LWD] placethbave restored a total of 3152 acres since 2001.

If land acquisition and non-aquatic based restoration, fe{egetation, invasive control) are considered,
the number of projects in the LCRE and surroundiibgitaries equals 93d totals 6294 (K Marcoe,
personal communication, 3 July 2012). Restoration activities in the LCRE have included a variety of
actions ranging from riparian and vegetation plantin@-tjdte replacement and/or removal, dike removal
and/or breaching, as well as excavation eme@tion of shallow-water habitats.

Much of the written material relevant to AE reszmis typically conveyed in annual report format as
part of contractual requirements to funding entitiBecause funding sources for restoration in the LCRE
vary, information relevant to AE research and evaluation was not readily accessible, which proved to be
problematic when attempting to establish a systemppicoach for obtaining material to review. In lieu
of traditional literature review methods (e.g., databases), AE reports were obtained by coordinating
directly with the funding entities. During thisgmess, it became clear tivetiile there have been
numerous restoration activities in the LCRE over thet plecade, very few have included AE monitoring.
Of the projects that included before and/or aféstoration monitoring, some monitored structural
features and/or physical conditions, but few examineticsehat were directly linked to juvenile salmon
performance (e.g., realized function; see section Fdj.the purpose of evaluating the link between
restoration activities and salmon performance, projects that included fish sampling as part of their
respective investigations were reviewed. Nine prejawtt this criterion (Table 5.1); their locations are
pinpointed on the LCRE images included in the follmywsections. All of the reviewed AE projects
involved restoration activities that dealt with hydiraweconnections and/or improvements, and all of
these evaluations examined attributes associateccajithcity, opportunity, and/or realized function
(i.e., salmon performance). The review that foll@nrgohasizes juvenile salmon response to restoration
actions, as opposed to ecosystem contigllactors, structures, or processes.

Table5.1. Action Effectiveness Research in the Lower Columbia River and Estuary

Site Name River km Restoration Action
Fort Columbia 14 Culvert ptacement, channel excavatidar,ge woody debris placement
South Slough 19 Tide gate replaced with bridge
Vera Slough 19 Tide-gatereplacement
Kandoll Farm 3P Tide gate replaced with culvert, dike breach
Tenasillahe 56 Tide-gatereplacement
Julia Butler Hansen 58 Tide-gate installation and replacement, culvert repair
Crims Island 90 Excavation of marsh elevation, channel creation
Hogan Ranch 149 Water-control structures, cattle exdarsfencing, invasive plant removal,
native replanting.
Mirror Lake 208 Culvert replacedith a bridge, riparian restoration, LWD enhancement,

culvert improvements

(a) River kilometer for sites not directly adjacent to the main-stem of the Columbia River were approximated
based on the general vicinity of the site relative to the main-stem.
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5.1 Fort Columbia (rkm 14)

The Fort Columbia site includes 96 acres of ‘
wetlands and is located near the town of Chinook e
Washington. Historically, the wetland drained int
the Columbia estuary, but road construction durir
the 1950s diminished hydraulic connectivity at thi
site by installing a 24-in. perched culvert.
Restoration occurred during 2011 by means of
replacing the 24—in. culvert with a 12-ft by 12-ft
box culvert and excavating a tidal channel to
reconnect the wetland. Habitat complexity was
established by adding LWD to the excavated
channel. Pre-restoration data were not collected in
the wetland channel because site conditions wersuitatble for sampling fish (CREST 2011c). It does
not appear that a reference site was established to accompany AE monitoring.

Post-restoration data collected within the wetlarahctel at Fort Columbia indicate juvenile salmon
are accessing the site. Construction was completédlbruary 2011 and, at the commencement of the
first post-restoration sampling event the followimgnth, Chinook and coho salmon were found at the
site. Aside from counts of species found during monitoring efforts in 2011, CREST (2011c) reported no
other data; therefore, inferences about the effectiveness of restoration are limited at this time. The
inclusion of other metrics (e.qg., sizes, conditiaotbrs, water quality) and reference sites would
strengthen the ability to infer the effects of reation actions on the performance of juvenile salmon.

5.2 South Slough (rkm 19 1)

The South Slough site includes 45 acres of .
diked pasture and is located in the Lewis and Cle
National Historic Park, near the town of
Warrenton, Oregon. The South Slough drains in
the Lewis and Clark River, which ultimately
discharges into Young’s Bay before reaching the
main-stem of the Columbia River. Restoration
actions involved replacement of a failing culvert
with a bridge to increase hydraulic connectivity.
The bridge was installed during 2007. A before-
after-control-impact (BACI) design was
implemented to examine the ecosystem response to
restoration. Pre-restoration data were colledigihg 2007 and post-restticn data generally were
collected from January through August 2008 to 2@ithpugh sampling effort varied across months and
years (CREST 2012a).

! River kilometer for sites not directly adjacent to the main stem of the Columbia River wesgimpaped based on
the general vicinity of the site relative to the main stem.
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Sampling gear and effort varied across years and between the reference and restored site, which
makes a BACI analysis for fish abundance improbable. Across sampling years, five species of juvenile
salmon and trout were captured at the restoratidireference sites; coho and Chinook salmon were the
most abundant. The total number of juveniler@bk salmon captured during the 5-year survey period
ranged from O to 19 individuals ppgear. The range of Chinook salmon sizes was indicative of multiple
life history strategies using the marshes at Fort Clatsbpth the restored and reference sites. Condition
factor indices indicated slightly higher values for salrimothe restored site than in the reference site.
Species diversity as measured by the Shannon-Weinerwetehigher in the reference site than in the
restoration site across all years. Non-native tax& waptured at both the restored and reference sites
and accounted for approximately 20% cd tratch at both locations (CREST 2012a).

Results from measurements of water propertiesatelia response in sommetrics that corresponds
to restoration actions. Measurements of water depth indicate the South Slough site shifted toward an
increase in tidal amplitude after restoration actions. The 7-day moving average temperature at both the
reference and the restored sites either approamhexteeded 16°C during late summer months. After
restoration, maximum water temperatures at SouthgBlavere lower compared to pre-restoration data.
Maximum water temperatures at the restored site alscelower than the reference site; this trend was
attributed to a combination of habitat conditiong (egreater water depth and freshwater input) (CREST
2012a).

The disparity in consistent sampling across y@ad between the reference and restored sites
hampers opportunities to conduct analyses aimed atilattiey salmon response to restoration actions.
The low sample sizes of juvenile Chinook salmoptesed during this study may further limit the
potential to make inferences about salmon perdmeer in the restored channel. CREST (2012a)
provided some notable observations tetlao reference site selectiohhe reference site was found to be
quite different from the restoration site in terms dfitet complexity. Comparatively, the reference site
had a smaller channel that retained less watehaddo upland freshwater input. These conditions were
speculated to have yielded different results itewproperties (CREST 2012a), but these conditions may
also lead to differences in habitat opportunity eapacity between restored and reference conditions.
These findings demonstrate the need for careful consideration of habitat attributes when selecting
reference sites that are to be used for AE evaluations.

5.3 Vera Slough (rkm 19 1)

Discharging into Youngs Bay, Vera Slough is
adjacent to the Astoria Airport and near the town
Warrenton, Oregon. The wetland- and shrub-
dominated characteristics that existed historically
were converted into farand and developed for the
airport. The site is presently characterized as a
brackish marsh. Restoration at this site occurred
between 2005 and 2006 and involved a tide-gate
retrofit. Pre-restoration data were collected durin

! River kilometer for sites not directly adjacent to the main stem of the Columbia River wesgimpaped based on
the general vicinity of the site relative to the main stem.
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2005 and post-restoration data were collected during.2D@8a collection efforts occurred inside of the
restoration site, outside of the tide-gated site] at a reference sit€. Johnson et al. 2011).

In contrast to the immediate hydrologic effecthat restored Kandoll Farm site, the tide-gate
replacement at Vera Slough did not result in wateface elevations that mimicked reference site
conditions, although the restoration action did increasgédhkeamplitude into the site (G. Johnson et al.
2011). During spring and summer months, water temperature inside the tide gate at Vera Slough was
warmer compared to the reference site. Furtbeznthe 7-DAM water temperature frequently exceeded
the 16°C criterion for salmon.

There were few differences in fish communityacdcteristics during the pre- and post-restoration
periods inside Vera Slough, outsidera Slough, and at the reference site. Prior to restoration, species
richness and diversity was lower inside Vera Slough ihaneas outside of the tide-gated and reference
sites. Post-restoration, species richness and diversity increased compared to pre-restoration conditions.
However, the fish community composition did not aywh diversity and richness levels comparable to
nearby areas on the main-stem Columbia River. Catches of salmon at Vera Slough were notably low both
pre- and post-restoration.

Based on the initial AE data collection efforts, Yfera Slough retrofit tide-gate project appeared to
have little benefit to juvenile salmon the year aftstoration. Without multiple years of post-restoration
data and multiple monitored metrics by which tieirbenefits to salmon performance it is difficult to
conclude the response trajectory of this particular project.

5.4 Kandoll Farm (rkm 37 %)

Located along the floodplain of Grays River
(rkm 2.5), Kandoll Farm was historically a Sitka
spruce swamp, but was converted to wet pasture
Restoration at this site occurred between 2005 a
2006 and involved tide-gate removal, culvert
installation, and dike breaching. The AE researc
at Kandoll Farm included pre-restoration
monitoring as well as reference sites (Roegner e
al. 2010). Restoration actions had an immediate
effect on the water inundation at Kandoll Farm.
Water-surface elevations emulated tidal ranges
similar to reference sites and water temperatures
were more aligned with those in tteference sites (G. Johnson et al. 2011)

During the season preceding tide-gate removal atdilFarm, the only taxon captured inside the
site was threespine stickleback. In contrast, thereace site yielded seven species of fish. After
restoration actions at Kandoll Farm, nine specidisbf including three species of salmon, were sampled
from the restoration site. Chinook salmon wefesiquently captured compared to chum and coho

! River kilometer for sites not directly adjacent to the main stem of the Columbia River wesgimpaped based on
the general vicinity of the site relative to the main stem.
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salmon. In terms of life stage, the Chinook salrmaptured at the site were predominantly fry and
fingerlings, and few yearlings. The chum salma@re nearly all fry-sized, and coho salmon were
represented by fry, fingerlings, and yearlings (Roegner et al. 2010; Johnson et al. 2011). Juvenile salmon
diets were more diverse in the restored wetlandithéime Grays River. Overall, prey items accounted

for in the diets of juvenile salmon were domirthby insects that were presumably derived from wetland
habitats.

Restoring hydraulic connectivity at Kandoll Farnerisased the opportunity for fish to access the site.
This was noted by an increasespecies richness and diversity (Roegner et al. 2010, G. Johnson et al.
2011). The higher abundance of chsaimon and coho salmon at Kandedirm compared to that of
Chinook salmon is notable for several reasons.t,Fims trend differs from the findings of several
AE research projects in the LCRE that report Gbknsalmon to be the most abundant juvenile salmon
species captured in shallow-water sites (Johnson 20@8, Haskell and Tiffan 2011, Sagar et al. 2011).
Second, this pattern indicates local conditions as well as the status of nearby populations of salmon that
may access and benefit from restoration actions ardyoftconsiderations for prioritizing site-scale
restoration within the LCRE.

5.5 Tenasillahe Island (rkm 56)

Tenasillahe Island is located at rkm 56 and is -/# 2
downstream of Puget Island and the town of L e
Cathlamet, Washington. During the summer of il
2007, the USACE replaced three top-hinge steel
tide gates on Tenasillahe Island with side-hinged
aluminum tide gates. AE research was conducte
to evaluate the effects of the restoration activities
on juvenile salmon. The AE research was desigi
to perform before and after restoration comparisc
with treatment (Tenasillahe Island) and reference
(Welch Island; rkm 55) sites. Pre-restoration dat
were collected from March through June 2006 ar
March through May 2007 (J. Johnson et al. 2008,.

From March through July 2008, the new tide gatere estimated to hawpened for approximately
4.4 hours per d. J. Johnson et al. (2008) diccapture any salmon entering the Tenasillahe Island
slough. A total of 27 Chinook salmon were captured emigrating from the site and at least 12 of these
Chinook salmon were part of tag-and-release experiments conductedttar@p8 research on the
island. Hatchery reared Chinook salmon were usé@uv/astigate residence time in Tenasillahe Island by
using a combination of marking techniques: fin chps PIT tags. The residence time of marked fish
within the channels at Tenasillatstand ranged from 1 to 119 d withmedian that ranged from 41 to 45
d for the various tag groups. Growth rates of raaa PIT-tagged Chinook sabn at Large Tenasillahe
Slough ranged from 1.29 to 1.62 mm/d (J. Johnson et al. 2012).

Community composition between restoration egférence sites was investigated using a

combination of beach seines and hoop nets. J. Jolkhshn(2008) found a higher proportion of native
taxa in reference sloughs on Welch Island thahetreatment sloughs on Tenasillahe Island. Chinook
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salmon were the most abundant of the salmon species captured. However, very few Chinook salmon
were captured at the restoration sites on Tenasilidaied (n=2), compare the reference sites on
Welch Island (n=229) (J. Johnson et al. 2008).

In addition to fish community composition, diféaces between restoration and reference sloughs
were noted in water temperature and DO conceoir®t From March through June 2008, the 7-DADM
exceeded 16°C for 47 d at the Tenasillahe Island sloagth$or approximately 25 d at the Welch Island
sloughs. In terms of temperature range, the gatedjss on Tenasillahe hadower range in daily
temperature compared to the refece sloughs on Welch Island. Whitere was a broad range in DO
concentrations between reference and restored sigelavilest DO concentrations were noted in the gated
sloughs on Tenasillahe Island (J. Johnson et al. 2008).

The AE study design of the Tenasillahe Island-iite replacement project included before
monitoring and use of a reference site. A BAGAlgsis was not included in the 2008 progress report.
Based on post-restoration results, it seems that femoszenter the Tenasillahe Island tide gates. The
opportunity for access by juvenile salmon and otherifidimited to discrete time periods when water
elevation in the slough exceeds water elevation imitiee, which occurred less than 20% of the time on a
particular day (J. Johnson et 2008). In addition, the capacity the tide-gated sloughs to support
salmon appears to be limited based on water-qualityitimmsl at the restoration site compared to the
reference site; warmer temperatures and lower DO ctrnaciems were noted at the restoration site in
comparison to the reference site.

5.6 Julia Butler Hansen National Wildlife Refuge (rkm 58)

Encompassing over 5600 acres and located
near the town of Cathlamj@Nashington, the Julia
Butler Hansen National Wildlife Refuge (JBH) is
primarily managed for endangered Columbian
white-tailed deer. Habitats within the refuge are
varied and include pastures, wetlands, and fores
tidal swamps. During the summer of 2009, the
USACE repaired and replaced tide gates at two
sloughs. In addition, two sloughs that had been
previously disconnected via dikes were
hydraulically reconnected with newly installed
culverts and tide gates. AE research was
conducted under a BACI frameworkhich included pre-restoration monitoring and the use of reference
sites. Pre-restoration AE research occurred dgimigng of 2007 and 2008 and post-restoration research
occurred during spring 2010 (J. Johnson et al. 2009, 2011).

Prior to restoration activities, juvenile salmware captured entering reference sloughs as well as
tide-gated sloughs, although the proportion of juleesalmon captured at the reference sloughs was
higher compared to the tide-gated sloughs. A higheportion of larger (>110 mm) juvenile Chinook
salmon were captured in the tide-gated sloughs cadparthe proportion of Chinook salmon captured
within the reference sloughs. The data also esigthe tide-gated sloughs were not as accessible to
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smaller sized (>65 mm) Chinook salmon. Tide-gaedghs and blocked channels also had a higher
proportion of non-native taxa compared tterence sites (J. Johnson et al. 2009).

After restoration, more juvenile salmon (sg=cas well as abundance) were captured entering the
newly connected tide-gated slough than entering fleeerece slough. Juvenile Chinook salmon were the
most abundant salmon species captured in both restateeference sites. Coho salmon were captured
in both restored and reference sites, but chumaabnd steelhead occurred only in the restored, tide-
gated slough. Similar to the trends observed prioegtoration, the size distribution of juvenile Chinook
salmon captured in the tide-gated sloughs was langéra higher proportion of fish >65 mm, compared
to sizes of fish in reference sites. After restoratand similar to pre-restoration findings, tide-gated
sloughs had a higher proportion of non-native taga tteference sloughs (J. Johnson et al. 2011).

There was no significant difference in DO cortcations between the reference and tide-gated
sloughs after restoration actions. Water temperatanied through space and time. After restoration,
from April through June, the 7-day average dailgximum (7-DADM) exceeded 16°C in the two
reference sloughs for 44 and 16 d, respectiviiythe three tide-gated sloughs, the 7-DADM exceeded
16°C for 32, 24, and 6 d, respectively. Dependintherparticular site, the 16°C threshold was exceeded
during various times during the 3 months monitored-rfHApay, and June. The reference sites yielded
the highest median daily temperature ranges (J. Johnson et al. 2011).

Juvenile salmon were accessing tggded sloughs at JBH before and after restoration. Furthermore,
restoring connectivity to previously blocked chasr®y installing tide gates appears to have created
opportunity for fish access to the sites, although in stelses access already exdstéa drainage ditches.
Regardless, densities of salmon were higher in utoest reference sloughs than behind tide-gated
channels. The magnitude of these changes withinathiext of response to restoration actions has yet to
be determined. Johnson J. et al. (2011) note an #afysre- and post-restoration with regard to fish
passage will be forthcoming.

5.7 Crims Island (rkm 90)

Crims Island is located along the Columbia .
River main-stem at rkm 90. The goal of the Crim
Island restoration project was to improve habitat . -
for juvenile salmon as well as for Columbian VAR, ’
white-tailed deer. Restoration occurred between
2004 and 2005 and involved excavation of the
marsh surface elevation and digging channels
within the island. Pre-restoration data were
collected in 2004 and post-restoration data were
collected during spring and summer months from
2006 through 2009. A reference site was
established at a nearby location, Gull Island
(rkm 89). Statistical analyses were applied undebéfiere-after comparison framework to examine the
size of juvenile Chinook salmon, condition factoorrected prey weight, invertebrate density, and
diversity. The abundance of fish could not be evalliin the before-after comparison, because physical
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changes at the site resulting from restoration activiéeslted in the need to adapt to the new conditions
by changing sampling locations as well as sampling techniques (Haskell and Tiffan 2011).

After restoration activities, the mean size of subyearling Chinook salmon was 59 mm, which was
approximately 10 mm larger than the pre-restoration conditions and represented a significant increase
(P=0.007). In addition, restoration appeared to reetated with an increase in the condition factor for
juvenile Chinook salmon. Overall, the abundaoic€hinook salmon was noted to decrease around June,
which also corresponded to a time during which wieperatures exceeded 20°C. The densities of
Chinook salmon were highest in subtidal chanriellgwed by intertidal, and finally marsh plains;
although the differences were not statistically sigaiit. Chinook salmon in subtidal channels were
significantly (P<0.05) larger than fish in the intertidal channels (HaskelTdfaoh 2011). In addition to
the abundance, size, and distribution of juve@idnook salmon at the Crims Island site, Haskell and
Tiffan (2011) describe patterns in feeding behavesidence time, and invertebrate characteristics
associated with pre- and post-restoration conditiéieeding behavior was variable in space and time for
juvenile Chinook salmon at Crims Island. Dipteramse common prey items at both the restoration and
the reference sites. The diets of Chinook salmanaat channel sites yielded different feeding behaviors
because diets here were dominatedbyophiumspp. andaphniaspp. While the median residence
time of Chinook salmon was noted to increase after restoration, overall residence times were abrupt
(e.q., hours) (Haskell and Tiffan 2011). There wersigaificant differences in the densities of benthic
and drift invertebrates between pre- and postrasbn, although the diversity of these prey pools
decreased after restoration, and in some caseddtisase was found to be statistically significant
(Haskell and Tiffan 2011).

The effectiveness of the Crims Island restoration project was thoroughly evaluated by making
statistical comparisons of selected metrics beforea#ted restoration and within the context of a nearby
reference site. The inclusion of appropriatelystdd attributes related to juvenile salmon ecology
(e.g., habitat selection, feeding beioa, prey densities, residence time) within the study design facilitated
a holistic understanding of juvenile salmon response to restoration actions. Mean size of Chinook salmon
was significantly larger after restoration. It is nolwn if this change was related to an increase in the
capacity of the system which positively affecfethging success, or was a result of increasing
opportunity for larger size classes of fish. Findinglated to different densities and sizes of Chinook
salmon across different habitat types (e.g., subtidalraadidal channels) may offer insight to the design
criteria for restoration sites in the LCRE. The short residence times reported by Haskell and Tiffan
(2011) were much shorter than those reported by oiéing LCRE (see Bottom et al. 2011, Johnson et
al. 2011). However, given that residence time was investigated during a single event in May at Crims
Island, it is plausible that an expanded effort airaktargeting different life history types and/or
additional time periods may vyield different resulie finding of no differences in the densities of
invertebrate prey pools between pre- and post-restoration conditions was notable, and is likely worthy of
further consideration for future AE reseh at other locations in the LCRE.
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5.8 Hogan Ranch (rkm 140 %)

Situated between Scappoose Bay and the
Multnomah Channel, Hogan Ranch is part of th™
Scappoose bottomlands and is characterized br
complex network of wetled channels and ponds
that ultimately connect to Scappoose Bay. Initii
phases of restoration at the Hogan Ranch site
began 2005 when fencing was installed to
exclude livestock. During 2007, the exclusion
fencing was completed and in-water work
commenced to replace failed water-control
structures. Additional activities included dike
removal, excavation to create wetland habitat,
and vegetation planting (Sagara¢t2011). The water-control struadgract as barriers for fish passage
during low-water periods and may also prevent escapeiffesh gain access to the site during high-flow
conditions (CREST 2011a). Monitoring for thijact occurred after restoration actions, from 2008
through 2010, and was conded to understand whether juversl@mon were accessing the site and to
determine if stranding was an issue. Juvenile sabiietrand prey were also evaluated. The sampling
design did not appear to include a BACI design or a reference site.

During the 3 years of spring-summer sampling at lHdganch, a total of eight juvenile salmon were
captured: three Chinook salmon and five coho salmibmere unmarked. No salmon were captured in
the ponds via seining. The salmon encountered atriHB@gach were captured using a fyke trap at Teel
Slough, a tidally connected channel to ScappooselCrCREST (2011a) speculated the lack of salmon
in the ponds may have been attributed to siteitiond (e.g., high density afquatic vegetation), which
may have rendered beach seining ineffective. Furtbiee, seining in the ponds was limited to June and
July when water temperatures are typically their warmest in shallter habitats. The abundance of
invasive fish species at Hogan Ranch was attributedstwllow-water with little riparian cover as well as
limited flow velocities. Teal Slough was also notedhave high water tempsures; however, increased
connectivity with nearby water bodies may have reduttevater-quality conditions that were more
favorable to supporting a higher diversity of speccompared to the pond habitats (CREST 2011a).

From 2007 through 2010, a suite of water propertigs examined at Hogan Ranch during spring and
summer months to evaluate the effects of cattleusiah and riparian re-vegdion on wetland functions.
Results indicate few consistent trends between sites and yearsliwas the single parameter that
yielded the most response through time; levels decreased in all ponds. Water temperature was generally
greater than 18°C from spring through early fall (Sagar et al. 2011). Based on the multiyear results of
water properties at Hogan Ranch, Sagar et al. (2011)uctattthat aquatic habitads this site were not
amenable to supporting juvenile salmon.

The effectiveness of the restoration actions spetcifjavenile salmon cannot be determined due to
extremely low capture rates of these taxa. As noted by Sagar et al. (2011) the elevated temperatures

! River kilometer for sites not directly adjacent to the main stem of the Columbia River wesgimpaped based on
the general vicinity of the site relative to the main stem.
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appear to diminish opportunity for juvenile salmto access the site during summer months. Itis
unknown how or if juvenile salmaaccess and gain benefit from teite during other time periods.
Because of reported gear inefficiencies ingbad habitats it is unknown whether salmon stranding
occurs at Hogan Ranch. The lack of pre-restomadiata and a reference site hinders the opportunity to
attain a holistic understanding of salmon performasca result of the restoration actions at Hogan
Ranch.

5.9 Mirror Lake (rkm 208)

Within the bounds of Rooster Rock State Park,
Mirror Lake is segregated from the main-stem of =
the Columbia River by Interstate 84 near rkm 208. °
Restoration activities at Mirror Lake began in 2005
when a failing culvert was replaced with a bridge.
Restoration activities occurred over a number of
years and included such actions as, riparian
planting, placement of LWD, and culvert
improvements aimed at facilitating fish passage
(Sager et al. 2011). A BACI design was not
applied, nor were there clearly defined reference
sites. Therefore, the ability to make inferences
about the response of salmon to the restoration
activities at Mirror Lake is limited. However,
metrics associated with habitat opportunity and capacity for juvenile salmon were examined in the context
of other monitored locations and may serve cfamparative purposes, as reference sites.

Jones et al. (2009) describe thermal patterns linkddfering habitat types. The lower portions of
the site were characterized as shallow wetlanddtabexperiencing little flow, which resulted in a
thermal regime that was generally not condutiveupporting juvenile salmon throughout the summer
months. In contrast, the upper segment of the Mirade site drained strearttirough mature riparian
vegetation thought to provide thermal refuge dyisirarm summer months. Streams draining from the
upper portion of the study area maintained wateptratures deemed functional for supporting juvenile
salmon (Jones et al. 2009).

Water-temperature (max temperature 25-30°C; Setgal. 2011) appeared to limit the opportunity
for juvenile salmon to benefit from the lower portionghi$ site during summer months (see temperature
section 3.2.1.2). In addition tdfecting juvenile salmon access to the site, the thermal regime may also
explain characteristics of fish community compasitat the Mirror Lake sites. Non-native species
composed half of the fish species composition at tweraites (i.e., warmer regions), yet, only one non-
native taxon was collected from the dtesites in the upper portion (i.e., cooler region) of the study area
(Sagar et al. 2011). In addition to water temperature, it is likely that elements of habitat complexity and
connectivity as described above may explain the tianian fish community composition at Mirror Lake.

Juvenile Chinook salmon were typically present at the sites closest to the main-stem of the Columbia
River and were generally present throughout thdysperiod (April througlAugust). Chum salmon
were only captured during May and their occurrence was also limited to sites near the main-stem.
Juvenile coho salmon dominated catches at thegagbstream stream sites and, depending on the
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specific location of sampling, thedccurrence persisted through spring and summer months (Sagar et al.
2011). Efforts aimed at collecting diet and prey datavant to juvenile salmon were completed at the
Mirror Lake sites, but the results were not avadaddl the time this review was conducted (Jones et al.
2009; Sagar et al. 2011).

To evaluate the performance of juvenile Chinook salmt the restoration site, the lipid contents and
growth rates of juvenile Chinook salmon were examined. These attributes did not differ across the study
area, nor did they differ from nearby study areasiwitbach H. Contaminant concentrations (DDTS,
PCBs, and PBDEs) in fish tissue were generally similar between years at the lake sites; however,
compared to nearby sampling areas in reach H,dheentrations of contaminants in juvenile Chinook
salmon were higher at the Mirror Lake study afgaoagh relatively low in comparison to urban areas
such as Portland and Vancouver (Sagar et al. 200118 researchers indicate “as yet, we have seen no
clear trends in salmon catch per unit effort, conditéator, lipid content, or growth rate that can be
attributed to the habitat improvements made duriegptst years” (Sagar et al. 2011). Itis unclear
whether a formal analysis aimed at examiningMiireor Lake restoration actions on the performance of
juvenile salmon will be forthcoming. In the abserof pre-restoration monitoring data and a clearly
defined reference site, it may be baging to conduct such an analysis.

5.10 Conclusions

Several positive trends were observed in teereed studies. At Crims, Kandoll Farm, and
Ft. Columbia, hydrologic reconnections increasedi@ortunity for fish to access restored sites. In
terms of evaluating capacity, improvements in water temperature were noted at Kandoll Farm and South
Slough and improvements in prey puation were noted at Crims Islané\ positive benefit of realized
function was observed at Crims Island by examining residence time. Based on the available AE research
findings, restoration in the LCRE appears to offesitive benefits to juvenile salmon in terms of
opportunity, capacity, and realized function.

AE data limitations hampered the ability to dremnclusions regardingiyenile salmon benefits
associated with habitat restoration. Of the 42 faqjuastoration projects completed in the LCRE since
2004, only a small fraction (n=9) included AE monibgyithat addressed elements relevant to juvenile
salmon ecology (i.e., opportunity, capacity, and realfmedtion). In many cases, AE research lacked
pre-restoration data, reference sites, and/or statigtnalyses aimed at specifically evaluating response of
monitored metrics within the context of restoration actions. Of the existing nine AE projects, most were
conducted in the lower 90 rkm of the estuary, sixudet reference sites and pre-restoration monitoring,
and one included a formal statistical analysievaluate response of metrics from restoration actions.

This situation presents significant challenges wetpect to effectively evaluating salmon performance in
restored sites and across the landscape.

AE monitoring often includes a variety of metriwat directly related to salmon performance. These
metrics often involve physical and structural conditions (e.g., vegetation, channel cross section,
elevation). While some of these metrics can be tséatder the opportunity for juvenile salmon to access
sites (e.g., temperature, extent of channel inundagind)he capacity of the sites to support juvenile
salmon, there are limits to the inferences thatbtmamade with respect to the functional response of
juvenile salmon as a result of restoration. Of the nine projects reviewed, functional metrics were the least
applied in evaluating restoration projects thereby ttaiméng conclusions that can be made with respect
to salmon performance as a response to restoration.
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6.0 Status of Estuarine Ecosystem

In the previous sections, the status of knowledge about salmon habitat use and the factors believed to
be limiting to salmon growth and survival in the esguaere summarized. In addition, the status of
knowledge of restoration projects within the cohit@bproducing positive effects on salmonids were
evaluated. The estuary ecosystem plays a vial boit some elements of the ecosystem could be
limiting in terms of supporting salmonids. Furthemsiderable uncertainty mains associated with the
guantitative contribution of specific estiree habitats to salmon. In this section, the question of whether
overall estuarine conditions are improving, declinmgnot changing in response to actions taken to
improve the ecosystem is evaluated. To addresgtiestion we summarize what is known about major
changes in the last ~20 years that would affect how we interpret scientific findings derived from the
preceding sections. We summarize results that camolsédirectly applied to the CEERP for making
decisions about what actions may be taken toongestuarine conditions. These summaries have been
designed to be updated in future synthesis memoranda.

Estuarine conditions are defined here as measureable attributes of the ecosystem. These attributes
include floodplain wetland habitat area and composition, the connectivity among habitats, non-native
aguatic species, water properties, and the sourceexdent of stressors on the ecosystem and these
attributes. We summarize recent work on factors that drive the spatial and temporal variations in many of
the attributes as a way to inform future actionsaly, we summarize information about how climate
change may affect the condition of the estuary and restoration project planning.

The relevant syntheses that cover many ofdbé&s addressed here include Small et al. (1990),
which presents the results of detailed studies condast@art of the Columbia River Estuary Data
Development Program (CREDDP); the paper by G. Johnson et al. (2003), which synthesizes information
about changes in the estuary relative to devedoyrof an ecosystem-based approach to habitat
restoration; and the report by Bottom et al. (2011), which summarizes six years of research on salmonid
biology and ecology in the estuary. The CREDDRdtwmted in the late 1970s through the early 1980s,
represents the “...first integrated, process-oriente@sefistudies with an ecosystem perspective” in the
estuary (page 4, Simenstad et al. 1990). The rbydsimenstad et al. essentially provides the most
comprehensive benchmark in time for comparison here.

As part of the CREDDP studies, Sherwood ef18190) summarized historical changes in the
Columbia River estuary. They found large changes in estuarine morphology caused by navigational
improvement and by diking and filling of muchtbk wetland area. The tidal prism had decreased by
15% and there had been a net accumulation of setim#re lower estuary. River flow had been
significantly altered by regulatiomd diversion of irrigation water. Flow variability had been dampened,
and net discharge had slightly reduced. Mixing had been reduced, stratification had increased, and
salinity intrusion length and transport of salt itite estuary had increased. Sherwood et al. (1990)
calculated an approximate reduction of 85% itlavel plant production, a 15% reduction in algal
production, and a combined reduction of ~52,000 MT/yr of organic carbon input to the estuary. This loss
had been partially supplanted by an increase in flyl#@ikton produced in the reservoirs. The net result
has been a major change in the organic matter sosupg®rting the estuarine food web. Sherwood et al.
(1990) concluded that these major modifications nedxd imcorporated into contemporary estuarine and
shorelands management especially thosewbatd further exacerbate the altered conditions.
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6.1 Methods

The general null hypothesis is that there is neatable change associateith actions taken to
improve the LCRE ecosystem. Below, we defirerntethods and metrics used to evaluate change.

6.1.1  Approach Used to Evaluate Change

We based our conclusions regarding the direafarhange on the preponderance of results from a
variety of sources. We chose this approach bedhese is no integrated, long-term, and comprehensive
monitoring of the selected ecosystem attributes. Hamedave to rely on incomplete data and indirect
sets of information to develop inferences about the system condition. Essentially, this is designed to
objectively “roll up” disparate data sets and infotimato formulate and support an objective, accurate,
and repeatable assessment.

6.1.2  Metrics Used to Assess Change

The attributes we considered for assessing the tiaritle status of the ecosystem are listed in
Table 6.1. The metrics used to indicate the stafttise attribute are also listed. These are based on a
review of the literature, as well as recommendationiseig from recent research in the LCRE. Changes
were determined by our interpretatiohinference based on direct or indirect data collected in the system.

Table6.1. The Attributes, Metrics, and Conditions oétAttributes Considered for Evaluating Changes
in the Columbia River Estuary Ecosystem, arfBlummary of Conditions at Three Points in

Time
CREDDP Condition
Description Relative Change
Historical or Baseline (1978-1984; Small Since CREDDP
Attribute Metrics Condition et al. 1990) (1985-present)
Floodplain Area, species Minimal Majority lost/altered  Restoration projects
Wetlands composition, diking/filling/ on various scales and
similarity to conversion in various habitats;
references, vegetation more
connectivity similar to reference
sites; watersheds
continue to be altered
Hydrology Flow rates, timing Unrestricted flows Highly regulated Highly regulated
and duration of from watersheds
freshet
Water Temperature, Minimal alteration Higher water Higher water
Properties salinity, dissolved temperatures; altered temperatures; altered
oxygen, organic salinity regime salinity regime
matter, clarity,
chlorophyll a,

current velocity
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Table6.1. (contd)

Historical or

Baseline Condition

CREDDP Condition
Description
(1978-1984;

Small et al. 1990)

Relative Change
Since CREDDP
(1985—present)

Dominated by
floodplain wetland

organic matter and
estuarine-produced
prey species

organic matter
exchange and
disturbance regime
minimally altered

Attribute Metrics
Food Web Organic matter
source
contribution,
salmonid prey
species
Benthos Dominant taxa
Ecosystem Wetland accretion, Sediment and
Processes marsh
macrodetritus
export
Biodiversity Non-native Native

wetland species,
non-native fish
species, non-native
zooplankton
species

Stressor Level Additive site-based None
(human-caused) stressor score

Dominated by
production in
reservoirs

Altered by dredging;
sediment
contamination evident

Limited because of
restricted connections
and loss of habitat

Moderatelyto highly
affected by non-native
invasive species

Moderate

Dominated by
production in
reservoirs; evidence
that restoration sites
are contributing
marsh macrodetritus

Altered by dredging;
sediment
contamination evident

Limited because of
restricted connections
and loss of habitat.
Some improvement
because of restoration
projects

Moderately to highly
affected by non-
native invasive
species. Invasions at
high rate over past
few decades

Moderate

6.2 Analysis of Attributes

Our approach centered on evaluating data rateeeboth ecosystem processes and structural

attributes. Ecosystem processes include factorddimatand maintain habitats and water properties, as

well as ecological functions (e.g., organic matter export). Structural attributes encompass commonly
measured elements of the ecosystem that indicate status and for which there is a strong scientific
underpinning. All of these attributes have changed because of human interventions of various kinds, and
would be expected to improve with restorative actiohaken together, they cover the suite of elements

that are recognized globally as important aspects of aquatic ecosystems.

Although stressors are typically not an ecosysadtribute, we have included them here for
evaluation purposes. Stressor scores have beetoged for approximatel®100 hydrologically defined
sites in the historical LCRE floodplain (Evans et28106; Thom et al. 2011b). Theoretically, restoration
actions should reduce the stress score at sites andatively in the ecosystemin turn, the greater the
reduction in stress score, the greater the improvement in ecosystem condition.
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6.2.1 Floodplain Wetlands
6.2.1.1 Area

A key attribute of the estuary condition is the sleeation, and condition of the benthic habitats,
especially those that comprise floodplain wetlandsggatated flats, and channels. Fundamental
elements and processes have been altered @sthary beginning in the 1800s. The estuary has
undergone large changes in bathymetry and topography caused by navigation improvement projects such
as jetties, pile dikes, and dredged channels (Siawet al. 1990). Diking and filling have resulted in
loss of much of the wetted area in the floodplain. riglea in hydrology have resulted in displacement of
sediment and various realignments of the mouth of the estuary. Because of the importance of these
habitats to fish as well as other resources in te&eay, concentrated focus has been placed on restoring
floodplain habitats.

Thomas (1983) documented large-scale losses of tidal wetlands in the lower portion of the estuary
since the 1800s. The LCREP (2012) producegstem-wide assessment of habitat changes from
Bonneville Dam to the mouth. Overall there haerba loss of 118,971 acres of tidal wetland habitat.
Among the major vegetation classes, forests lost 56y86aded lost 33,688, and herbaceous classes lost
28,718 acres (Table 6.2). A river reach-by-reach analysis (Figure 6.1) shows the following:

e Conversion of wetlands to agricultural landswextensive, especially in reaches A (rkr23),
B (rkm 23-61), E (rkm 119137), and F (rkm 137165).

o Conversion to developed property was extensive in reaches A, D, F, G (rk2028%and H
(rkm 204-233).

e Conversion and loss of forested wetlavas pronounced in all reaches except H.

e Conversion and loss of herbaceous wetlandsexssnsive in all reachexcept H, where the
floodplain was naturally very limited because of the narrow geometry of the reach.

e Expansion of tidal flats occurred in reach B (attributed to reduced flow rates and deposition,
Sherwood et al. 1990).

Wetland habitat restoration and protectiontsthin the 1990s. Since 2001, approximately
46 confirmed aquatic (e.g., hydi@ureconnections, channel creation, LWD placement) restoration
projects have occurred in the LCRE. According to the latest information from LCREP, these actions have
restored a total of 2991 acres. Acquisition and nontagbased restoration (e.g., re-vegetation, invasive
species control) over this same period has laédegrotection/conservation of 7972 acres (K. Marcoe,
LCREP, personal communication, 3 July 2012jhoit 376 acres were added between 2010 (Table 6.2)
and 2011 (Figure 6.2). The projects are distributesltfhout the estuary, with notable concentrations in
reaches A and B (Figure 6.2).

Estimating habitat area changes is complicatetheyincertainties asso@atwith interpreting
habitat types from historical bathymetry and topgdpy surveys, using imagery for classification of
habitat types, and resolving chandiesn projects that cover relatively small areas or are very new. An
additional consideration is the baseline from whichdsess future changes. A possible solution is to
develop a database for all projects that includes irdtiom about the location, size, and type of habitat
restored or protected. The LCREP data set prowdesy good start for this. Settling on a standard
habitat classification system, presently being depedq Simenstad et al. 2011), should help minimize
the issue of variation in habitat type designations.
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Table 6.2. Analysis of Floodplain Habitat Changes (gmiconversions, and losses) Between the Late
1880s and 2010 (LCREP 2012). TWL = tidal wetland; W = wooded; WL = wetland.

Forested Class Total Areaof Changgacres)

Forest toHerbTidal WL 318.8
Forest to Wooded Tidal WL 730.3
Gained Forest 6878.0
Intact Forest 25,354.8
Lost Forest 56,564.8
Tidal WL to Forest 1055.9
Unclassifiedto Forest 360.4

Wooded Classes

Total Area of Change (acres)

Changedr'W: Herb to Wood 1968.6
Changedr'W: W to Herb 1306.2
Gained Wooded TWL 2369.4
Intact Wood TW 4184.5
Lost Wooded TWL 33,678.7
Tidal Flat to WTWL 432.1
Wooded TWL to Tidal Fats 270.0

HerbaeousClasses

Total Areaof Changgacres)

Change Type: Wood to Herbaceous 1306.2
Changedrype: Herb to Wooded 1968.6
Grained herb Tidal WL 4124.5
Herb WL to Tidal Flat 902.2
Intact Herb Tidal WL 3876.7
Lost Herb Tidal WL 28,718.3
Tidal Flat toHerb TWL 1326.4
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Figure6.1. Comparison of Floodplain Wetland Habitat Changes in the Eight Reachid} B&tween the 1880s and 2010 (LCREP 2012).
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Figure6.2. Map Showing Restoration and Conservationdttsj Completed, in Progress, and Planned in
the Columbia River Estuary. (Photo courte$K. Marcoe at the Lower Columbia River
Estuary Partnership)
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6.2.1.2  Vegetative Species Composition

Here we address the question of whether thet glagcies composition iiftoodplain wetlands is
changing. Although there is no comprehensive aisabfsspecies change over time, we can partially
address the question through analysiseetdrence sites and restored or restoring sites. The two metrics of
change we used are 1) whether the reference sites species composition has changed because of either
disturbances or invasive non-native species, and g)hehthe vegetation species assemblage at restored
sites is approaching that of reference sites.

The most comprehensive analysiat has been done on the topicspécies composition is associated
with the reference site and habitat monitoring ietssidonducted through the LCREP (Sager et al. 2011;
Borde et al. 2012). That work sampled vegetation spemver at 51 reference sites, 29 monitoring sites,
and 10 restoring sites (i.e., restored, previously breached, created; Figure 6.3). A total of 280 species of
wetland-associated macrophyte species were recorded over all sites.

In developing reference sites in emergent wetlaabitats in the estuary, Borde et al. (2012)
evaluated the effects of the origin of the site (hatural or created) and hydrology. In general, natural
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sites contained more species and more belmurgl biomass than created sites. Among the most

striking results was the strong relationship between hydrodynamics and species richness. Sites close to
the river mouth and close to the dam contained tvedbnumber of species, and sites located between
these two extremes contained the greatest numbeeoksp Vegetative distribution is driven by stresses
from salinity and the relative large tidal variation nérr mouth as contrasted with extended periods of
very high water near the dam. Further, theas & strong negative corretatibetween water level and
percentage cover of three dominant species: common spikeElaski{aris palustris wapato

(Sagittaria latifolig), invasive reed canarygra$ah@laris arundinacep Cover was greatest during low-

water years (e.g., 2005), and lower during high-water years (e.g., 2011). Finally, Borde et al. (2012)
believe there are very few truly “historical emergeratrshes” in the estuary based on their analysis of
historical maps from the 1800s and the present location of these features. This suggests that these
marshes naturally “migrated,” probably because tina&forcing from the river and tides, sediment
accretion and progradation, and perhaps human alteration of the morphology of the estuary. Changes in
these forcings from historical conditions may coaisticontemporary evolution of wetland systems.

These spatial and temporal patterns, and what dtiees, are critical to understand when planning and
evaluating the restoration projects.

Based on an analysis of vegetation assemblagg@a@sition in emergent marshes, and water level
dynamics, Borde et al. (2012; and personal comoatioin, May 2012) divided the estuary into five
emergent marsh (EM) zones (Figure 6.3). Borde et al. (2012) used several different lines of evidence
based on vegetation species richness, specigsosition, salinity, and undation to determine
vegetation distribution patterns along the estuarineigmadBelow rkm 29, salinity is a factor affecting
the lower estuary vegetation distribution patterns. Fluvial flows are a factor between-ko4 2But
inundation is predominantly tidally driven; the amoahinundation that occurs at all elevations during
the entire year is equal to or greater than theuarinthat occurs during the growing season. Above rkm
104, there is a shift in the timing of inundation: a greater proportion of the inundation occurs during the
growing season, and is not spread throughougele. However, the magnitude and duration of
inundation is still low relative to the zones fartheriver. The magnitudend duration of inundation
during the growing season begins to increase betweerl86 and 181. The Borde et al.(2012) analysis
of inundation at an elevation of 2 m (Columbia River Datum) showed that the slope ofighe log
inundation value as a function of river kilometenat significantly different from zero below rkm 136
(p = 0.96), whereas inundation during the growing seasancansiderably higher above this point. EM
zone 5, the closest to the dam, is the most fled@amhinated zone. Inundation is very high during the
growing season when the spring freshet occurs, angéryslow during the rest of the year when flows
are very low to moderate.

The boundaries of the observed vegetation zoreeshawn below. In evaluating the spatial
boundaries of the hydro-vegetation zones, the following points need to be considered:

e The hydrologic part of the analysiawbased on data from 37 floodplain wetlands.

e The boundaries are also based on 22 least-disturbed marshes used in a discriminant function analysis
of cover data for 13 plant species between rkm 12 and 230.

e The boundary between zones 4 and 5 is a roughastitiue to the lack of sites in this area.

e The hydrologic data were collected during aited period, between 2008 and 2010, and different
results may be observed using data from different years.
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Figure 6.3. Hydrogeomorphic Reaches-{A; Simenstad et al. 2011) and Emergent Marsh Zones
(EM zones 15; Borde et al. 2012) of the LCRE. Solid lines indicate boundaries of the
emergent marsh zones. The single dashedndicates boundary delineation is tentative
until additional data can be usedctanfirm the location of this boundary.

The link between hydrodynamics and vegetation is important to understand in order to design and
predict the outcomes of restoration projects, undedsinterannual variation in the assemblages, and
predict the effects of larger-scale changes such as climate changes.

6.2.2  Hydrology, Water Properties, and Food Web

Major changes occurring in the riverine anduasine water quality and food web since the
installation of the dams along the main-stem ofG@b&imbia River have been well documented. Dam
construction and subsequetannel diversions, irrigation activitiesyd dredging have altered the river
flows in terms of their timing and magnitudesulting in a decreased overall river discharge and
dampened seasonal flow variability (Sherwood et al. 1998 peak flow of the Columbia River occurs
in the late spring during the freshet, and the lowlest occurs in late summer to early autumn. The
presence of the dams has shifted the system froghattibidity, detritus-driven river ecosystem to a
much “greener” river, where pelagic primary production (i.e., fluvial phytoplankton) has increased as a
result of the reduced load and longer water residemeebehind the dams (Sullivan 2001). In fact, the
water in the Columbia River togdas relatively low turbidity (1880 mg/L) (Sullivan et al. 2001; Prahl
et al. 1997, 1998) compared to some of the world®mavers. An exception is the estuarine turbidity
maximum (ETM), which can show a three ordersafnitude increase at times (Crump et al. 1988).
Along with altering the physical processes, the chamd@lew has affected the dynamics of the ETM zone
(Simenstad et al. 1994). The ETM zone is an impbtane of concentration of planktonic organisms,
particulates, and dissolved matter, and wherectagyprocesses and deposition to the bottom can be
intense.
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The basic water-quality conditions relevamsalmon health (e.g., temperature and DO
concentration), and water properties associaitufood web resourcassessment and habitat
(e.g., primary productivity, ctd, nutrients, photosynthetically active radiation (PAR), plankton
composition, organic matter characterization) have laétered extensively since historical conditions.
With an estimated >80% reduction in emergent plant production, and a commensurate increase in fluvial
phytoplankton in upriver reservoirs, the primarpductivity regime has shifted from one based on
emergent vegetation to one dominated by pelagic, or fluvial, phytoplankton (Simenstad et al. 1990b;
Sherwood et al. 1990; Small et al. 1990; Bottom et al. 2011).

To support characterization of salmon habitaec#y, the U.S. Geological Survey (USGS) has
conducted seasonal water-quality monitgrat four fixed sites for conditis relevant to salmon health
(e.g., temperature, and DO concentration; Sagar et al. 2012). The sites include llwaco (reach A, rkm 6;
monitored in 2011), Whites Island (reach C, rkm 72; monitored in 2009 and 2011), Campbell Slough
(reach F, rkm 149; monitored for 4 consecutive years) Franz Lake (reach H, rkm 221; monitored in
2011). These sites were selected as representativearfitel salmon habitats. All sites showed daily
and seasonal variation of basic waqeality parameters (temperature, DO concentration, pH, specific
conductance), as well as inter-site variability based oratisite conditions and locations of the sensors.
In addition, in 2011, the year all sites were mamwitlh) each site experienced periods of “poor” water
quality with respect to conditions for salmonid health during the spring and summer, although the
duration of poor water-quality periods varied among sites. Poor guaddity was defined as warm water
(water temperature >17.5°C), low Dfoncentrations (<8 mg/L), and high pH (>8.5) (Sagar et al. 2012).

Additional efforts at these four sites in 2010 and 2011 have focusgeleioping and testing
methods for assessing additional water-property camditielevant to food web resource assessment
(nutrients, PAR, algal biomass and species, algal productivity, stable isotope ratios) (Sagar et al. 2012).
In most cases, these parameters were sampled three to six times between April and June at each of the
four fixed sites. For the 2 years sampled (2010201id)) at Campbell Slough, there was no clear trend in
total nitrogen concentration between sampling periods or between years (2010 and 2011). However in
2011, total nitrogen and total phospl®mvere highest in June at all sites, except Whites Island where
concentrations peaked in May. Organic nitrogen constituted most of the total nitrogen at all sites. The
available nitrate was reduced greatly by late Juresymnably taken up by organisms or flushed out of the
system. Phytoplankton biomass, measured ag.clvhs generally between-50 mg/L between May and
July of 2011 at all sites, with the exception of lla&aco Harbor where concentrations were >150 mg/L in
April and became undetectable later in the seasoraf®a@l. 2012). These high concentrations are
likely due to the mixotrophic ciliat®lyrionecta rubra(Herfort et al. 2011). Other studies have shown
chlorophyll concentrations to be greatest during the spring diatom btednttions occurred in the
summer and minimal values occurred during the winter (Prahl et al. 1998; Sullivan et al. 2001; Roegner et
al. 2011b).

Additional water-column components of the lovieod web (phytoplankton and zooplankton
abundance and composition) were examined at thessifearbetween early April and late May in 2011
(Sagar et al. 2012) as part of the habitat dapassessment. Diatoms dominated the phytoplankton
assemblage during the early spring when abundances were highest, as has been shown in other recent
studies as well. Comparative samples from the Land-Ocean Biogeochemical Observatory (LOBO)
monitoring site at the Beaver Army TermirfBIAT) also indicated multiple peaks of chlduring the
spring and summer periods. These high-resolution in situ time-series have revised the understanding of
fluvial phytoplankton dynamics during the spring bloom period from prior studies based on monthly or
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weekly samples (Sullivan et al. 2001; Roegneale2011b). River discharge volumes were inversely
related to chla. A recent comparison of observations from ghallow-water habitat sites to the main
channel at BAT indicate that phytoplankton aburgacan be 10 times higher in the shallow-water
habitats, as long as river discharge is low relative to the freshet.

Recent isotopic evidence (Bottom et al. 2008; Maier and Simenstad 2009) has suggested that salmon
prey preferentially consume organic matter derifvech vascular plants (emergent vegetation detritus),
although the organic matter driving estuarine préidads currently derived primarily from fluvial
phytoplankton (approx. 58%; Small et al. 1990).

The Cumulative Effects (CE) study (G. Johnson et al. 2012) has shown through a modeling effort at
Kandoll Farm and the mouth of the Grays River (rkm 37) that a substantial proportion of organic matter
(marsh macrodetritus) can be exported to the nteim-sf the Columbia River. Approximately 52% of
the material exported would reach Grays Bay, artd é®uld remain in the floodplain, available for
incorporation into the food web.

6.2.2.1 Recent Status of Water-Quality Conditions

It is difficult to assess the status of recent watgattity conditions with respect to improvements or
declines, primarily because of the lack of continoftyong-term data sets necessary to understand trends,
particularly with respect to tidally influenced emergent wetlands. The monitoring at the four fixed
estuary monitoring program sites is designed toigminformation about these trends, but 2011 was the
first year during which water quality was monitoredigrimary productivity was assessed at three of the
four fixed sites. Thus, the LCREP report (Sagar et al. 2012) has been able to provide a 1-year status
assessment at those sites. dloprisingly, the multiyear data set from Campbell Slough shows annual
variability in water-quality parameters during yeasth different hydrologic conditions and weather
patterns (Sagar et al. 2012) which further demonstthteseed for long-term data in order to understand
water-quality trends.

The type and magnitude of recent restoration actiweng greatly influence the magnitude of realized
change that can occur with a variety of water-qual#tsameters. For example, temperature changes that
occurred at three primary restoration projects and associated reference sites (Crims Island, Kandoll Farm,
and Vera Slough) as part of the CE study varied depgrati the habitat type and the type of restoration
action undertaken (e.g., tide-gatpleement, culvert replacement, dike breach). Monitoring at those
sites indicated that the greater the extent ohtltrologic reconnection, the greater the return to
temperatures in adjacent open waters (G. Johnson et al. 2012).

The higher abundances of phytoplankton noted in thibostrwater habitats relative to the main-stem
river (Sagar et al 2012) suggest the availability of pelagic phytoplankton may be greater within protected
areas. This greater availability highlights the int@nce of emergent wetlandsot only for providing a
source of vascular plant macrodetritus, but also plankton species, which dominate during the spring and
early summer and are a source of nutrition for fiteesalmon (Maier and Simenstad 2009). Increasing
the physical complexity of habitats (added wetlands and channels) may also serve to trap organic matter
from fluvial phytoplankton sources, thereby providing additional nutrition for salmon prey (Sagar et al.
2012).
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6.2.3 Benthos

Within the 20-year period from 1988 to 2008, at leaght studies of the main channel habitats in
LCRE included sampling and analysis of infaunakrtebrates within the overall study designs.
Geographically the studies spanned the area of thefrora near its mouth to Bonneville Dam. All of
the studies were short-term (<3-year) events that were conducted to answer specific research questions,
not to build a comprehensive picture of infaunal communities throughout the estuary. Studies in the late
1980s and the 1990s primarily focused on evaluatinghizhabitats to answer questions about habitat
restoration, dredged material disposal, or food availability for white sturgeon. Studies in the 2000s
focused mainly on salmon food availability and habvitatoration. Partly because of serving different
purposes, the studies used several sampling approaches and methodologies that make comparisons among
them and building a big picture view somewhat teray For example, several studies used relatively
small core samplers to collect infauna, and thepsens differed in the area sampled from about 11.6 to
24 cnf. Other studies used more standard 0Agmb samplers to collect infauna. Nonetheless, despite
the temporal and methodological differences, somerpatté emerge from this patchwork of data that
provide information about infaunal communities witktie estuary that could serve to form hypotheses
for further studies.

Probably the most striking pattern that emergélsasinfaunal densities within the estuary vary
tremendously on small and large geaq@ric and temporal scales. Thariability is often large enough
that it overwhelms the ability of statistical testinglggect significant differences. For example, McCabe
and Hinton (1996) sampled beach nourishment sites 30 m riverward of the high-tide marks between
rkm 53 and 122 and reported no statistical differéméefaunal densities among the 4 months sampled in
1994 and 1995. However, the lack of statistgighificance was most certainly because of extreme
variability among individual samples, pooled samples (hesmoss months and locations. For example,
at Area W-43.8, infaunal densities did not diffextistically between months despite ranging from
3056 organisms/fr(July 1994) to 27,273 organisms/(danuary 1995), about a nine-fold difference.
Hinton et al. (1995) studied a potential dredged material site and nearby shallow subtidal site from rkm 40
to 42 and reported that variability within a relalivsmall area was large. For example, within a
potential restoration area of about 0.55'kmean infaunal densities in May 1993 ranged from 945 to
47,502 ind/r and individual station variability was often high (coefficients of variation often were
>35%). Within a smaller shallow subtidal area (0.36-knea) densities varied from 7216 to
61,074 ind/m. The variability in habitats studied andrgding methods hamper confident evaluation of
general density trends across theiast, although densities in the upestuary (beyond rkm 121) appear
to be substantially less than elsewhere (<208Q#uCabe et al. 1997).

Another noticeable pattern is that within theuasy, the predominant fauna composing the infaunal
community are relatively consistent, albeit with sageegraphic and temporal variation. Corophiid
amphipods, particularlmericorophium(formerly Corophiumn) salmonis are among the predominant
infaunal taxa in the community whether nearriller mouth (Hinton and Emmett 2000), mid-estuary
(Hinton et al. 1995; McCabe and Hinton 199@sikell and Tiffan 2011), or upriver from rkm 121
(McCabe et al. 1997). Other predominant taftan include oligochaete and nemertean worms,
chironomid (non-biting midge) larvae, ceratopogonitirfh midge) larvae, and introduced Asian clams
(Corbicula flumineq For exampleA. salmonisaccounted for about 31% of the total infaunal abundance
off Trestle Bay (Hinton and Emmett 2000), abou¥6lBetween Miller Sands and Pillar Rock Island
(Hinton et al. 1995), and 46 to 91% off Gullaisd (Haskell and Tiffan 2011). Asian clams and
ceratopogonid larvae consistently were the most abutaeanficross stations and months sampled in the
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upper estuary (above rkm 121; McCabe et al. 1997th&adownriver, the two taxa typically were less
predominant but still ranked within the most abundatat 10 taxa (e.g., Hintoet al. 1995; McCabe and
Hinton 1996; Haskell and Tiffan 2011). Oligochaete wgrmhich are typically not identified to species,
are relatively abundant from the mid-estuary toward the river mouth.

It is commonly recognized that the benthos is a vital part of any estuarine ecosystem, not only
because of its role as an integrator of environmairtasses and conditions, but also because of its dietary
importance for key ecological and protected species. Although the LCRE is a large, geographically
complex ecosystem, understanding the dynamics dighthos within the estuary would benefit from a
systematic sampling program specifically desigreeainswer key questions about infaunal geographic
and temporal variability. Understanding infaunainoounity dynamics requires the use of consistent
methodological sampling applied in accordance withatialy and temporally rigorous design. A useful
example is provided by the Chesapeake Bay MonigdArogram, which examines temporal patterns via
a fixed-station design and spatial patterns viachahility-based, stratified simple random design to
locate sampling stations (Llansé et al. 2007). The usi@br a similar approach would be an effective
way to answer key questions about the conditidmeothic communities in the estuary, and ultimately to
translate the answers derived from the questionsamtanderstanding of the overall well-being of the
ecosystem.

6.2.4  Biodiversity

With loss of habitats and other disturbances, ecosystems tend to lose species. In addition, non-native
species, especially those that are considered hiig¥dgive, can colonize and dominate disturbed natural
habitat. Research has shown that biodiversity be a strong regulator of ecosystem function
(e.g., Tilman et al. 1997; Reich et al. 2001). A comprehensive list of species does not exist for the
estuary. However, several studies have been conducted at sites throughout the estuary that provide a
workable list that could be evaluated by samplingstiree sites in the future. As far as we know, no one
has published a comprehensive list of species for any taxonomic group that existed in the estuary
historically. Further, there have been no compmsive efforts to develop a recent list. However,
indications of changes in biodiversity can be derifveth studies that covered large areas in the estuary.

The LCREP web site contains a long list of spemesrted from the LCRE, but the source of this list
is unclear. There is also a list of wetland and upland plant species for the estuary developed from surveys
of several sites conducted by JaWiarshall and others; it is organized as a VEMA database (GeoMobile
Innovations Vegetation Managemeicrosoft Access). The ddiase can be accessed through the
Northwest Habitat Institute (http://nivbrg/index/). Borde et al. (2) have identified wetland plant
species over a total of 80 sites spread throughowsttuary. These sites included habitat monitoring,
reference sites under study throldPREP since 2005, as well as research sites begun in 2005. Borde et
al. identified and quantified plant species occurrinmirdtiple quadrats within wetland strata. Species
area curves indicated that this sampling method liketp@ntered the vast majority of the species in the
strata. Borde et al. (2012) observed 172 taxa: l&Eemted marshes and 139 in historic marshes. Seven
taxa, including reed canarygrass, comrmpikerush, wapato, Lyngby sed@eatex lyngbygi Canada
waterweedElodea Canadensjisfalse loosestrifeL{udwigia palustri$, and slough sedg€( obnupta,
made up 68% of the cumulative cover. Reed gayrass occurred in 52% of the quadrats and accounted
for 28% of the cover at all monitoring sites.
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Sytsma et al. (2004), Bersine et al. (2008), and Cordell et al. (2008) report that the LCRE contains
numerous non-native species of vegetation, benthic invertebrate fauna, zooplankton, mammals, and fish.
Compared to other large aquatic systems, the CaluRiver contains a moderate level of invasive
vascular plant species (19), annelid (11), molluskg®)l crustacean species (14). Some of the more
dominant non-native species include the reed ggnass, common reed, New Zealand mud snail, the
Asian clam, and four species of Asian copepods. Nh&$aalso been introducedhis species can cause
severe damage to wetland plant communities. Reed canarygrass dominates many wetlands in the region,
and is documented to colonize and dominate restwetidnds. Similarly, the copepods, Asian clam,
some fish species, and nutria alter the food arabstructure of native species assemblages and
landscapes.

Introductions of fish species began in the late 18804 ,have increased steadily through the late 20th
century. As of about 1980, 23 non-native speciessbfiiere recorded. Introductions of invertebrate
species have increased exponentially between aBd0tdnd the present. As of about 2000, 35 non-
native invertebrate species have been recordetecant fisheries research studies non-native taxa have
been captured from a variety of habitats througkteeiL CRE. From 2002 through 2007, Bottom et al.
(2011) captured a total of seven non-native taxa aonasisie, estuarine, and tidal freshwater sites. The
highest catches of non-native fish were associatedtigahfreshwater sites. From the cumulative catch,
American shadAlosa sapidissimeand banded killifish were the most numerous. Within the tidal
freshwater reaches of the LCRE near the Sandy River delta (rkn2Q®)) Sather et al. (2011) identified
18 non-native fish taxa, which composed approxitya25% of the total abundance of fish from 2007
through 2010. The ratios of nerative to native species by density varied by season and were
approximately 0.9, 0.3, 0.14, and 0.45 in winter, spring, summer, and autumn, respectively. The size
distribution of the non-native taxa captured indicateenile life stages were occupying the shallow-
water habitats sampled. The exceptions were banded killifish, which were thought to complete their life
cycle in the shallow-water areas, and large (>200-mm FL) smallmouthNbi@sspterus dolomieuthat
were captured during summer. While there appwane potential for predator-prey interactions in
shallow-water habitats such as those between smalinbasts and juvenile salmon, Sather et al. (2011)
suggest a more thorough investigation is necessatyshould consider sampling techniques, predator
movements, and ontogenetic feeding variability.

A more recent documentation of a non-native species has been the AmuRbgotngbbius
brunneus, which was first found in the East Fork of the Lewis River in 2004. Since that time this fish
has been documented at Crims Island (rkm 90; HaslcTiffan 2010), at sites between the Cowlitz and
Lewis rivers (rkm 109141; Sather et al. 2011), and near the Sandy River delta (rkn2@80Sather
et al. 2011). This species is native to eastern Asiasathdught to have been introduced to the Columbia
River via ballast water or aquarium trade. Widespread documentation of this species had led to
speculation that it has become established asddsessfully breading in the LCRE, although the
ecological implications are unknown (USGS 2012). &asibn projects appear to be adding species to
sites, thereby expanding the distribution of natiwé aon-native species. This has been accomplished by
planting desirable species (e.g., riparian ptegd) and opening access of species to sites through
hydrological reconnections (e.g., levee breaches).

Species lists and species area curves have beetoudecliment changes in plant species richness
after wetland restoration in the region (e.g., Thorl.€2003; Thom et al. 2012). In all cases, within 2 to
4 years after restoration the number of species agalesparea curves exceed pre-restoration values. As
these systems mature, we expect the species richnesgltoff and perhaps decline slightly, as larger
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(K-selected) species expand to outcompete ealbynizing (r-selected) species to dominate sites
(Simenstad and Thom 1996; Thom et al. 200R)e limiting factors for expanding species numbers and
species distributions are the 1ladability of species in the regional species pool, and 2) the ability of
these species to reach and colonize restored sites.

6.3 Net Ecosystem Change

Assessing the net change in the ecosystem invalvegiew of human-derived stressors, inferences
that can be applied to restoration projects, @rahges in landscape, and comparison of ecosystem
conditions to those noted in CREDDP studies.

6.3.1 Stressors

Stressors, in the present context, are factorsatteatthe natural undisturbed condition of the
ecosystem. Stressors are related to change brabght by human activity. The most comprehensive
assessment of stressors in the Columbia Riverdeveloped as part of a process for prioritizing
restoration projects in the system (Evans et al. 2006; Thom et al. 2011b). This study used available
geographic information system layers that represariatplete coverage of the estuary. The stressors
identified by the analysis included the following:

¢ hydrosystem flow alteration e marinas

¢ contaminants e marinas protected by breakwaters

o waterways listed in Section 303-d of the o dredged material disposal sites
federal Clean Water Act (i.e., waterways

exhibiting impaired water-quality conditions) ® industrial shoreline, shoreline change (i.e.,
o _ altered morphology)
e navigation channel dredging _ .
, ¢ shoreline armoring
e population _ _ _
. e invasive species
¢ flow restrictions
o _ _ _ ¢ road length
o facilities of interest (that receive permits and

may have impacts from discharges, landfills, ® hydro-road intersections

etc.) e development
e industrial development agriculture « forested area (i.e., lower forest area had a
e diking higher stress score)
e pile dikes e riparian (scored inversely as was forested
area).

e minor and major overwater structures

Figure 6.4 illustrates the level of disturbance oesgt using a scoring process that rates all stressors.
The site scale refers to stressors active in about i€Xific sites (each on the order of 100 acres in area)
in the historical floodplain. The MA (managemean¢a) scale refers to the condition of the watershed
unit (in this case the Hydrologic Unit Code [HUC]-6) visithvhich the sites occur. The greater the score,
the more disturbed a site and watershed is. Siigsvatersheds in the lower left corner are the least
disturbed. Most sites in the system are moderabetyghly disturbed or berwise altered. Because
these stressors affect the functioning of the ecesydracking how stressors are reduced or increased
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and the corresponding ecosystem response is atnohygo quantify net change in the ecosystem

condition. The database with the stressors anddheres is available for reanalysis as restoration

actions are implemented. At present, data are not available in a format to fully evaluate how stressors and
related degree of stress have changed over the past two decades.
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Figure6.4. Site and Management Area (MA) Stressor Scores. These scores are derived from analysis of
multiple stressors within approximately 210@ologically defined ses and 60 watershed
units (HUC-6; i.e., management areas) in the estuary. Higher scores indicate larger degrees
of stress. (From Thom et al. 2011b)

6.3.2 Inferences from Restoration Projects

Although monitoring studies at restored siteslianéed in number and scofieee Section 5.10),
intensive monitoring at a number of restoratiod aeference sites in the estuary from 2005 through 2009
under the CE project (G. Johnson et al. 2012) revéaferknces that can be applied to restoration
planning. These inferences, listed in Table G8iciate that processes required to form and maintain
floodplain habitat are generally restored once nahydtodynamics are re-established at a site. They
also illustrate that changes in tsteucture of the system occur rapidly during the 5-year post-restoration
period (Thom et al. 2012, Chapter 2 in Johnsai.€2012). Further detail regarding the source of
information for these inferences can be found in the original report. A meta-analysis of AE monitoring
data from restoring sites indicated that water temperasedimentation, vegetation structure, fish access,
and the flux of organic matter produced wergriaved (G. Johnson et al. 2012). These improvements
were evident after just 2 years.
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Table 6.3. Summary of Findings and Inferences to the Site and Ecosystem Scales and Salmonids. This is
Table 2.23 from Thom et al. (2012) which is Chapter 2 in Johnson et al. (2012). For further
information regarding the source for these findiagd inferences see the original document.

Finding Inferences for the Site

Inferences for the
Ecosystem Inferences for Salmonids

Clear response of Recovery of site habitat
vegetation assemblage t structure initiated
restoration actions withir quickly; restoration of

Processes associated wit Juvenile salmonid habitat

structure initiated within  access opportunity and

1 year feeding and rearing capacity
are increased within 1 year

1 year following natural biodiversity;

hydrological enhanced site resilience

reconnection

Initiation of sediment Will lead to restoring

accretion elevations lost through
subsidence

Redevelopment of Development of

historical tidal channels productive marsh edges
and natural wetland
morphology

Exposure of buried large Development of natural
wood and development wetland morphology to
of stepped pools in tidal support microhabitat

Rapid vegetation Juvenile salmonid feeding and
assemblage development rearing capacity will change
will extend for much through time toward natural
longer than the 4 years of conditions

this study

Increased channel area  Juvenile salmonid habitat

and productive marsh feeding and rearing capacity
edges in the floodplain; increased; enhanced organic
enhanced area for nutrier matter export to estuarine
processing and export of ecosystem salmonid food web
organic matter

Increased channel area in Enhanced quality for
the floodplain; enhanced salmonid rearing and prey
area for nutrient production in the floodplain

channels development, and natural processing, organic

biodiversity

Improved water-quality Development of natural
conditions (e.qg., wetland water properties
temperature) where and support of aquatic
substantial hydrological species

connectivity was

restored

Frequent, prolonged, and Natural biodiversity
repeated between-year development

use of restored sites by

juvenile salmon

Use of tributary restored Natural biodiversity

wetlands by “out of development

basin” fish

Nutrient processing and Development of natural
organic carbon wetland biogeochemical
production processes

Export of marsh Development of natural
macrodetritus wetland primary

production cycle

matter deposition,
secondary production

Improved water Enhanced quality for
properties in estuarine  salmonid rearing and prey
ecosystem production in the floodplain

and estuary

Natural ecosystem Long-term enhancement of
biodiversity development salmonid life history diversity

Natural ecosystem Enhancement of salmonid
biodiversity development populations and life history
diversity in the ecosystem

Enhancement of natural Contribution of organic
ecosystem matter to support prey
biogeochemical processesproduction in estuary

Enhancement of marsh  Contribution of organic
macrodetritus entering  matter to support prey
the ecosystem; restoratio production in estuary
of food web
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Table6.3. (contd)

Finding

Inferences for the Site

Inferences for the
Ecosystem

Inferences for Salmonids

Greater tidal
reconnection produces
quicker recovery

Evidence of potential
synergism and
optimization of projects

Evaluation of the utility
of the methods/protocols

Size of project needed tc
provide measureable
ecological response

Level and type of
restoration affects rates
and patterns of
vegetation development,
and site conditions

Location of site in the
landscape affects the
system functions

Nonlinear change in
floodplain area with
increase in levee
breaches

Key factors that need to
be developed to
maximize the rate of
development and
production of benefits

Length of time the
restored habitat will
provide desirable
benefits

Quicker development of
natural wetland structure
and processes

Site functions depend on
sites surrounding them

Efficient measures of
highly relevant site
conditions

Project size for design
and prioritization

Project type and level of
action for design and
prioritization; and
naturally sustainable and
resilient

Project site selection to
maximize site functions
and resilience

Fewer breaches needed tdExchange of species and

restore near-maximum
floodplain-wetted area

Hydrology, elevation, anc
size drive vegetation
development and
initiation of processes

With restoration of
natural habitat-forming
processes, should last at
least 50 years;
development to full
functioning may take a
decade to centuries

Quicker recovery of
ecosystem processes

Ecosystem functions
depend on synergistic
aspects of suites of sites

Provide scale-up to

Quicker recovery of support
for salmonids

Synergistic support of
salmonids through
opportunity and capacity
enhancement

Provide direct assessment of

ecosystem-wide estimatesfactors affecting salmonid

Size at which project
shows signal in the
ecosystem

Project type and level of
action at which project
shows a signal in the
ecosystem

Suite of project sites that
act together to produce a
signal in the ecosystem;
distance between the site
and the estuary affects
function to the estuary

materials between sites
maximized with less than
full breaching of all
potential sites

Location of sites in the
ecosystem affects relativi
impact on the ecosystem

Duration of functioning
within the ecosystem is
tied to both the individual
sites and the synergies
among sites
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growth and survival

Size of project needed to
attract juvenile salmon and
provide reasonable
opportunity and capacity
enhancement

Project type and level of
action needed to attract
juvenile salmon and provide
reasonable opportunity and
capacity enhancement

Suite of project sites which
act together to produce a
signal in salmonid
populations

Access and benefits of
habitats in the ecosystem to
salmonids maximized with
less than full restoration of
historical floodplain area

Water level, driven by tidal
hydrology and river flow,
determine the active
wetland/floodplain area that
supports salmonids

Benefit to salmon is linked to
site and ecosystem functional
life; duration of restoration
projects should provide
benefits long enough to affect
salmon populations



Table6.3. (contd)

Inferences for the

Finding Inferences for the Site Ecosystem Inferences for Salmonids
Implications for Sites provide functions  Suites of sites provide Restoration of functions
restoration of the near (proximal) the site  functions to the broader throughout the riverscape
riverscape from and to the broader ecosystem (extensive)  should have at least some
Bonneville Dam to the  ecosystem (distal) salmon through direct contact,
mouth processing of water

properties, and by export of
materials

6.3.3 Landscape Change

Watersheds that connect directly with the Colunasituary are important to consider in an analysis
of estuarine condition. Besides the obvious cbation of freshwater, watersheds provide organic
matter, sediments, nutrients, spawning habitat &br, #tc. Thus the watershed makes up a critical
component of the landscape of the estuary by cotitndpthe flow of energy, species and other materials.
A degraded watershed can introduce abnormal amofisediments, nutrients and contaminants that can
affect the quality of an otherwise undisturbed estuditye National Research Council (1992) found that
the ability to successfully restore a site is signififadependent on the degree of disturbance of the
landscape within which the site is located. Therefionprovement through restoration of the habitats in
the estuary must be viewed in the contexhefwatersheds that contribute to them.

The habitat change analysis presented in Sectibh showed clearly the large-scale alterations in
habitat distribution and land cover since historical réso Ke et al. (2012) examined changes in forest
cover over a shorter and more recent time peargidg a geospatial change analysis based on NOAA
Coastal Change Analysis Program (C-CAP). They fabiatforest cover in tributary watersheds to the
estuary declined by 190.2 kinetween 2001 and 2006 becauskantl conversion and infrastructure
development (Ke et al. 2012). They reported thatdiocover declined in the contributing watersheds of
all reaches, with the exception of reach E (rkm-118¥), which saw a 10-khincrease (Figure 6.5).
Watersheds contributing to reaches A (rkn23) and B (rkm 2361) showed more intensive forest loss
than other reaches: forest coverage decreased from 66.1% (46pta Bh4% (379.9 kA in reach A
watersheds and decreased from 56.4% (85072 tkn%1.5% (776.1 kR) in reach B watersheds. In
contrast, very small declines in floodplain forester documented between 20fxid 2006 were detected
in most reaches (<0.8 Kinwhile a somewhat greater diee was seen in reach C (rkm-@03; 3.1
km?).
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Figure6.5. Percentage of Forest Gains and Losses iteksaeds Contributing to the Eight Estuarine
Reaches (Figure A.3 from Ke et al. 2012)

These results further quantify, over a shorter tinades the results presented in Section 6.2.1, and
emphasize the fact that watersheds continle t@pidly altered. The evidence from the habitat
monitoring and reference site studies at sites logaredighout the system indicates that the habitat
position, size, vegetation cover atamposition, channel morphologygeehtion, and accretion rates vary
spatially and interannually. The watersheds afieese elements, as do man-made changes to the
estuarine system such as navigation improvementi&mty and filling of welands (Sherwood et al.
1990). Restoring the estuary will become increasinglyatifffif the watersheds that are tributary to the
estuary main-stem continue to be degradeds iBthecause the habitat forming and maintaining
processes necessary to the development and maioéeofrestored sites will be further compromised.

6.3.4  Comparison to the CREDDP Studies

The CREDDP studies represent a comprehensivéutgitof conditions on a suite of ecosystem
elements as of the period from 1978 through 1984 .a goal, CREDDP was to increase the
understanding of the hydrology, sedimentology, @oalogy of the estuary in order to improve the
information base for managing natural resources anuhjplg development (Simenstad et al. 1990a). The
study area ranged from the river mouth (rkm 0) to exiprately rkm 75. The elements studied were as
follows:

¢ sedimentary geology

e circulation, density distribution and neap-spring transitions

¢ salinity and circulation modeling

e energetics and sedimentary processes

e primary production

¢ plant and detrital biomass

e particle transport

e community structure, distribution, and standstgcks of benthos, epibenthos, and plankton
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e species composition, distribution, and invertebrate prey of fish assemblages
e consumption processes and food web structure.

The analysis of the information was synthetic, in that the authors focused on processes as well as
structure. Among other findings, the historical change analysis by Sherwood et al. (1990) found that all
of the elements listed above had been significantéyed primarily by flonmodifications, trapping of
sediment above the dams, diking and filling of dptin wetlands, harvest of floodplain forests, urban
and rural development in the floodplain and surrongdiplands, and fishing pressure. The shallow areas
in the lower, predominantly tidal, portion of theat have seen net sediment accretion, whereas upstream
areas are generally sediment starved. The jettiedradded material islandi&ve altered sedimentation
processes in the former delta and along the coast nattiie ofver mouth. Loss of habitat had resulted in
an estimated 82% reduction in total shallow-water emergent plant production and a 15% loss in benthic
microalgal production on tide flats. Among the ngtsiking findings was significant alteration of the
estuarine food web through the reduction in manslerodetritus input, and an increase in planktonic
organisms primarily produced in the reservoirs upstream of the dams.

Although not studied by the CREDDP, contaminants have generally increased through time. Based
on sediment cores in the Youngs Bay region of the estuary, sediment grain size distributions changed in
about 1940, along with a shift from primarily benthic freshwater diatoms early in the century to
planktonic species after 1940 (Peterson et al. 2003).188imit less dramatic shifts were seen in cores
from Grays Bay and Claskanie Flats. Concentratiomhsad and mercury showed increases after 1920
and 1960, respectively. Contamination in sediments and the water column remain a significant concern
(Morace 2012). Legacy contaminants such as (DID@)RCBs persist in the sediments. Contaminants
such as PBDEs are emerging (LCREP 2010). PAHhsirea persistent contaminant. Wastewater-
treatment plant effluent and stormwater runoff dbate complex mixtures throughout the lower river
(Morace 2012).

6.4 Climate Variation Change and Restoration

Climate change threatens the quality and funaticthe LCRE by altering three aspects of the
system: river flow, water temperature, and sed.leVhe National Research Council Columbia River
basin report concluded that “...flows and the tenapure requirements for salmonid resources and the
threatened and endangered stotiautd be evaluated in the context of historic and potential future
variability and change in both water temperature stream flow” (NRC 2004, page 152). However, the
NRC could not resolve the actual dynamics (i.e., pesiydivolumes, water levels) of the flow regime
associated with climate change scenarios becausgceftainties associated with the models. In the
estuary, flows affect water level and thus actssgivenile salmon to productive shallow-water
floodplain habitats for feeding and rearing. Diking and flow regulation have resulted in a 62% reduction
of the shallow-water habitat area accessiblevenie salmon (Kukulka and Jay 2003). With lower
flows, opportunities to access to habitats would be further limited.

Temperatures in the Columbia River basin haceeased steadily over the past several decades.
Scenarios of future changes show the temperatnudlow conditions moving to those observed during
warm phases of the Pacific Decadal Oscillation duttireglast century. This means that fish will be
experiencing warmer water tempernas during all months. Furthevarmer water temperatures may
constrain the time period suitable for juvenile salmoshallow-water habitats. Juvenile salmon appear
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to vacate these habitats when water rises aboubxpgately 19°C (Bottom et al. 2011; Roegner et al.
2010). This temperature threshold is generached in mid-July, when young salmon are still
abundant in the system. Because of predicted chamfjesvs and temperatures, Barnett et al. (2004)
concluded that residents and industries will haviate the choice of having water for summer and fall
hydroelectric power or spring and summer releassalaion runs; the river cannot be managed for both.

Restoring riparian vegetation has been proposetitigate high temperatures. Burges (2010) noted
that the cooling potential of riparian vegetatiotikely to postpone stressful temperatures for salmonids
in the Wenatchee river main-stem. Roegner ¢28I10) found that water temperatures in the Grays
River remained cooler than those in the estuarygerapd Kandoll Farm restoration site located in the
tidal portion of Grays River. They speculated tihatwarm water in the main-stem had a greater
influence on water temperatures at Kandoll Farm #taBrays River proper. Pre-restoration water
temperatures at this site were frequently severak@sgivarmer compared to the reference site channel.
After restoration, the difference between the teaations was generally less than 1°C. A large
proportion of water entering Grays River in summer flows upstream, being forced by tides. Air
temperatures in the tidal slough at the Kandoll Faaference site, which is dominated by a dense canopy
of overhanging trees and shrubs, wesasistently lower than those in the Kandoll Farm restored site (H.
Diefenderfer, unpublished datayhese results suggest that the effect of climate warming on these
systems can be postponed by restoring direct conneti&iween the cooler river and the restoration site,
and that restoring very dense overhanging ripariyetation can reduce temperatures in tidal channels.
However, as warming continues, the effectiveness/dfologic reconnection and dense shade to mitigate
heating of the water is uncertain. The limitedults available so far suggest that establishing
hydrological connection is fundamental to restotimg resiliency of these shallow water habitats to
warming, and thus maintain cooleaters conducive to salmonid use (see Section 5.10). We recommend
that this concept be evaluated marlly in the Columbia estuary.

Besides temperature-driven shifts in populations, the rates and dynamics of many processes
associated with shallow-water habitats are adfe@ ¢ty temperature (e.g., Doney et al. 2012). The
vegetation assemblage productivity, prey resourodymtion, nutrient cycling, organic matter decay,
benthic respiration (i.e., oxygen depbn), etc., are strongly influenced by temperature, and will be
altered with warming. Based on the studiewafer properties exchanges between the Kandoll Farm
restoration site and the river, Woodruff et al. (204howed that the Kandoll Farm restored wetland was
actively processing inorganic nutrients and organic matteappeared to be a sink for total organic
carbon, silicate, and total suspended solids, and aesofinitrate during spring. Annually, the system
was a source of organic carbon to the floodplainkandder estuary. Insects produced in the site, many
species of which are important prey items for jukesalmon, were exported along with the organic
matter. How temperature affects processes isltaiow-water areas of the estuary is unstudied.
Finally, based on an analysis of a variety of phydieal., stratification, mixing) and biological factors
(e.g., chlorophyll), Roegner et al. (2011b) concludexd tine interaction between stream flow and strong
coastal upwelling in the vicinity of the mouth of the river have strong ecological ramifications for
riverine, estuarine, and oceanic ecosystems in the Pacific Northwest. Climate change-driven changes in
these factors result in ecologicabriyes throughout these ecosystems.

Sea-level rise presents the third climate changeedbthreat to the estuary and salmon. Jay (2009)
predicted that sea-level rise would result in increased tidal amplitudes in the northeast Pacific. Although
records show that the mean sea level has been steady at Astorthasih@20s, this is explained by the
fact that tectonically driven rise in land elevatiokégping pace with eustatic sea-level rise at Astoria.

6.23



Further upstream, the land surface is falling relativgetolevel. As the rate of sea rise accelerates, the
Corps (Portland District COE 2012, unpublished) pttsdignder the intermediate rise rate scenario, an
approximate 1-ft (0.30-m) rise in sea level by 2G6@ an approximate 3-ft (0.91-m) rise by 2100. In
general, a rising sea has been shown to destroyidiaentetlands that cannot keep pace through natural
accretion processes. In areasadistline such as the Mississippi Ridelta, where wetland subsidence
and lack of sediment supply exacerbate the effectsifiéa rise, large areas of wetlands are lost annually
(e.g., Day et al. 2007). The same would be expectd#eiColumbia estuary. Borde et al. (2012) showed
that floodplain wetlands are restricted to an approteritam elevation range. Hence a rise of 0.3 t0 0.9
m would affect much of the wetlands existing in the lower tidal-dominated portion of the estuary. In the
lower estuary, sea-level rise would be accompanieshlbity intrusion into feshwater wetlands, further
stressing systems and ultimately causing floral and falniits. Wetlands are expected to retreat upland
as the sea rises, but impedimentshsas levees, roads, steep toppdry, and developed infrastructure

will prevent the retreat in many places in the syst@&astored floodplain wetlands have been shown to
accrete sediment and organic matter faster than existing wetlands in the estuary (Thom et al. 2012).
However, the intermediate rise rate scenario woubged accretion rates in all wetlands sampled so far.

6.5 Conclusions

The physical changes, including floodplain depehent, dredging of the navigation channel and
harbors, and flow regulation, significantly altered thstorical geomorphic and ecological state of the
LCRE prior to the CREDDP studies (Table 6.1). Howetlee rate of physical alteration has apparently
slowed compared to the late 19th and early 20ttucgn Physical changes are still occurring. The
navigation channel was deepenedd 1t) early in the present century, and channel maintenance,
including dredge material disposal in the estuary is conducted periodically. The habitat complexes within
the present floodplain form a highly altered mosaic compared to historical conditions (Simenstad et al.
2011). Non-native species are abundant and damiegetation, plankton, fish, and benthos
assemblages. Very few “historic” (i.e., late 1800s) wetlaabitats remain in the system (Borde et al.
2012). The biological communities and geomorpholoigthe system are structured by natural
disturbances (e.qg., floods), wiglvidence that the habitat mosaidftshspatially when forced by
hydrological conditions and other controlling factorsr{@stad et al. 2011; Borde et al. 2012). Pile
dikes, designed to maintain the navigation chalwealtion and depth, havesulted in deposition of
sediments and the formation of shallow-wateritagéb (Kassebaum and Moritz 2012). The rate of
introductions of non-native species may be decreasing, but this is difficult to discern. Data show an
expansion of invasive, highly competitive, non-nativecéps such as reed canarygrass. There is a legacy
of contamination in sediments. Contaminationvater and sediment from persistent chemicals is
increasing and is of significant concern. Thio@adteration in river flow dynamics and volumes,
increases in water temperature, and sea-level risgatel change is expected to affect the ecological
processes of shallow-water habitats, and the dgpafcthe habitats to support young salmon.

Restoration projects focused on floodplain habiteve increased over the past decade (LCREP
2010; Sagar et al. 2012). These actions are shamimgdiate benefit to juvenile salmon by providing
access to habitats as well as processes supportive of ecosgices (Table 6.3) of benefit to the entire
estuary. Further, natural breaching of leveesdikek has opened areas of former floodplain habitats
(Diefenderfer et al. 2010). The land surface formbdkiind the levees had obviously subsided and most
sites remain dissimilar to nearbyference sites even after several desa@orde et al. 2012). Hence, the
full return of floodplain habitats to their historicsthte will be protracted, especially those dominated by
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tidal forested swamps. Yet, these systemsprdtlictably continue to provide services during
development phase. Emergent mardbitats show large changes during first four to seven years with
full development to reference conditis predicted to be on the order of 75 years (e.g., Thom et al. 2003).
As evidenced in historical natural breaches, estuaifiagian and tidal forested habitats can develop
within several decades of reconnection, and do hagenediate stages that are contributing services to
the system (Diefenderfer et al. 2010). Net ecosys#tgmnovement is hampered by development activities
such as road construction and resource extractitibutary watersheds draining into the lower

floodplain habitats and broader LCRE.
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7.0 Summary of Findings

Findings relative to each reseatbleme are summarized below.

7.1 What are the Contemporary Patter ns of Juvenile Salmon Habitat
Use in the Estuary and Factors that Potentially Limit Salmon
Performance?

¢ Six species of salmon and anadromous trout wentified in the shallow-water habitats of the
estuary: Chinook salmon, coho salmon, chum salmon, sockeye salmon, steelhead, and coastal
cutthroat trout. However, the primary species itiag the shallow-water environments investigated
are Chinook, chum, and coho salmon.

e These species and their various stocks display variations in juvenile life history characteristics. Chum
salmon are primarily fry migrants that enter the oceat@mm FL. Chinook and coho salmon are
present in both subyearling and yearling life histoages. All life history types of Chinook salmon
are found year-round throughout the habitats $adngnd enter the sea at all sizes. Coho
subyearlings are found primarily in tributary reaches and migrate to the sea as yearlings.

o Species and stocks (especially of Chinook salmowg kstinct migration periods. In shallow water
areas, subyearling Chinook salmon can be found year-round, but their density peaks-dudgril
and drops to low levels after July; yearlingi@ok salmon migrate from March through May.
Chum salmon move through the system from Felgrttmough May. Most yearling coho are found
in the system in May.

¢ For Chinook salmon, the proportion of fish withtdteery marks has increased in recent years, and
now clearly indicates the overall predominance etery-reared fish at most main-stem sampling
sites. However, the many fry-sized fish foundlvallow-water habitats are unmarked and are likely
wild fish. Shallow-water areas are particlyamportant to this life history type.

¢ Restrictions to habitat opportunity may be limgtisalmon recovery. Hydrological barriers exist on
numerous waterways, reducing or excluding salmary ef©xygen concentrations become low in
systems with restricted exchange during sumanernear the mouth of the estuary during strong
upwelling winds. Temperatures increase past the criterion thought to induce stress (19°C) system-
wide during June through September every year. Both low DO and high temperature may force
salmon from shallow-water systems and inducesstthat can affect growth and survival.
Restoration that reconnects hydrological links has seewn to improve these elements of physical
habitat opportunity.

¢ The habitat capacity of studied wetland systems appears to be relatively positive. These systems
produce large amounts of insect and amphipod prey, highly favored and energy-dense salmon food,
which are used in situ and also after expothtosurrounding environment. Based on diet overlap
and prey productivity, competition between saifrial species and between salmon and other fish
species appears to be relatively low. Fish predation on salmon within systems has not been
specifically studied, but potential predators exisgsame studied sites. However, bird predation on
salmon within the LCRE is very high. Atgment, the degree of avian predation on salmon in
wetlands has not been determined.
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o Studies of salmon performance have focused onrfgedrowth, and habitat residency. Juvenile
salmon feed heavily on insects and amphipodestoring and reference wetlands, and their gut
contents are generally high. Growth ratesvie from various methods range from 0.3 to
1.62 mm/d. These data indicate salmon are liténgffrom wetland habitats. However, overall
losses of wetland habitats may be reducing salmon performance on the estuary scale.

¢ The residence time of salmon in wetlbhabitats varies by life hisipstage, location, and season, but
it is clear that some salmon remain in or neatland channel locations for weeks to months.

e Concentrations of organic contaminants, PUBAHs, and PBDEs may present significant health
risks for juvenile salmon.

7.2 Do Factors in the Estuary Li mit Recovery of At-Risk Salmon
Populations and ESUs?

¢ Salmon habitat surveys in the Columbia River estuary since 2002 have provided new data on the
stock-group affiliations of juvenile Chinook saim The results from new tagging techniques,
otolith chemical analyses, and an improved getetieline provide a first glimpse of stock-specific
habitat associations, salmon life histories, and performance of juvenile Chinook salmon within the
estuary. Much less information is available relgay the stock or population origins of other
salmonid species in the estuary.

o Different sampling methods (gear, locations, timequks) select for different salmon stocks and life
history types such that no single study can provide a complete picture of salmon behavior or stock
composition within the estuary. Most RME studies designed to sample shallow-water and near-
shore areas, targeting the habitat types that haee most intensively modified by historical
development and that are a primary focus of estuary restoration.

e Methods for sampling deep channels (e.g., purse seine, pair trawl, acoustic—tag monitoring) tend to
select higher proportions of large yearlings and hayctigh than the beackeine samples collected
in shallow near-shore habitats. Stock composkign varies somewhat between deep and shallow
habitat methods, including a higher prevalence of interior spring and fall run stocks in lower estuary
purse-seine collections than in nearby beach-seine samples.

e Columbia River Chinook salmon stocks are not uniformly distributed in space or time, but they
exhibit characteristic patterns of migration and habitat use. All genetic stock groups of Chinook
salmon except interior spring stocks frequent shallabitats of the lower and mid-estuary, but lower
Columbia River fall Chinook are most abunda@t.eater proportions of upper Columbia River
summer/fall, Willamette River spring, and inter{oe., Snake River, Deschutes River) fall Chinook
stocks are represented in upper estuary reaches. Unpublished data from a recent series of estuary-
wide genetic surveys reinforce these patterns, aggest that variations in overall stock composition
are consistent between years and at an estuary-reach scale.

¢ At a site scale, in contrast, genetic survey resutquite variable, and no consistent differences in
stock proportions are apparent among different slvallater habitat types within the same estuary
regions.
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¢ Most Chinook stocks are able to express estuarganslife histories and benefit from estuarine prey
and growth opportunities. However, some at-gigicks are poorly represented in field collections,
and additional sampling will be needed to impraneerstanding of their estuarine habitat needs and
performance.

o Stock-specific habitat use and limiting factors hagebeen documented as fully in the upper estuary
as they have been in the lower estuary. Additiomanitoring is needed to validate the general
patterns that have been described reach scale and to determine whether habitat associations in the
upper estuary are stock-specific.

e On average, estuary residence time is inverselyectta fish size, but considerable variation exists
among the stock groups and life history types taayby different sampling methods, survey periods,
and locations. As estuary sampling effort has increased, so has understanding of life history
variations within and among stocks:

— West Cascade Tributary fall and Spring Creek group fall stocks in the lower estuary are
represented primarily by fry and fingerling magts. However, lessbhundant stock groups,
including West Cascade tributary spring &idlamette River spring stocks, express a wider
range of juvenile sizes and ages at migration.

— Most large hatchery fish are believed to migrfmbom Bonneville Dam to the river mouth in a few
days. However, PIT monitoring indicates that sdratchery fish remain in the estuary for weeks
and use lower-estuary wetland nhals before migrating seaward.

— Upper Columbia River stocks that enter the estaarglatively large sizes might be expected to
migrate rapidly through the estuary. Howewsolith-derived residency estimates for the
brackish portion of the estuary averaged 82 days for one sample of upper Columbia River
summer/fall salmon (N = 9) that averaged 88 mm FL at estuary entry.

— Spring Chinook salmon are typically considered legumigrants that enter the estuary in spring
and move rapidly to the river mouth. Howewfest Cascade tributary and Willamette spring
Chinook stocks produce both yearling and subyearling migrants.

— Fall Chinook stocks are typically considered subyearling migrants. However, acoustic tagging
results indicate that representatives of botingpand fall Chinook salmon stocks reside for
weeks in shallow areas near the Sandy Rivka die winter and spring. Some of these
individuals may over-winter in the upper estuary.

o Despite examples of unexpected variation in setaek groups, life history diversity in Chinook
salmon appears simplified relative to historical patterns, when pulses of subyearling migrants entered
the estuary late into the summer and fall. Multfaletors could account for apparent reductions in
life history diversity, including upriver populati losses, intensive hatchery production of a few
selected phenotypes, and loss of shallow rearing opportunities within the estuary.

¢ RME activities within the estuary have not quantifiee estuary’s contributions to adult returns
among different ESUs. The effects of improved estuary growth or survival for subsequent life stages
of Columbia River salmon remain poorly understodtie results of estuarine studies must be placed
in a broader life-cycle context to estimate dstuary’s contributiont population viability.

¢ No one research tool or design vii# adequate to interpret the estuarine life histories or quantify the
estuary’s contributions to all Columbia River &t8c A combination of approaches specific to the
sampling challenges and life history patywaf each ESU will be required.
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7.3 Are Estuary Restoration Actions  Improving the Performance of
Juvenile Salmon in the Estuary?

¢ Restoration in the LCRE can offer positive béisdb juvenile salmon in terms of opportunity,
capacity, and realized function.

— Hydrologic reconnections can increase opportunity for fish to access restored sites, as noted at
Crims, Kandoll Farm, and Ft. Columbia.

— In terms of evaluating capacity, improvementsvater temperature were noted at Kandoll Farm
and South Slough while improvements in the alaunce of certain prey items were noted at
Crims Island.

— A positive benefit of realized function was observed at Crims Island by examining residence time
and foraging success of juvenile Chinook salmon.

— An additional assessment of inferences made mgpect to ecosystems processes and restoration
in the LCRE is found in section 6.3.2.

o Of the 42 aquatic restoration sites that have been completed in the LCRE since 2001, only a small
fraction (n=9) included AE monitoring that directigidressed elements relevant to juvenile salmon
ecology (i.e., opportunity, capacity, and realized function). Three of the nine restoration projects
lacked reference sites and before and after datasets.

¢ Seven of the nine sites reviewed occurrethenlower 90 rkm of the estuary and most were
concentrated in reaches A and B (rkn64). Reaches-H are underrepresented in terms of
AE research in the LCRE. There wereAid sites located in reaches E and G.

e Some sites (e.g., Tenasillah&aledd and Vera Slough) providedarples where, despite actions
aimed at improving hydraulic connectivity via tidetgaeplacement and/or retrofits, the functionality
of these tide gates may continue to impede access toatiteast in comparison with reference sites.

¢ Most studies examined water temperaturefandd that thermal conditions exceeded EPAs
recommended water temperature of 19°C for jileesalmon rearing preference (EPA 2003) during
summer months. In addition, some AE sites exceeded 19°C during spring months. Some studies
reported sub-optimal thermal condit®in reference sites as wefQualitative comparisons suggest
the warm water temperatures observed in restored sites during summer months are similar to those
observed in shallow water habitats across the LCRE.

7.4 What is the Status of the E stuary? Are Estuarine Conditions
Improving or Declining?
e Physical changes, including filling of the floodplaginedging of the navigation channel and harbors,
and regulating flow significantly altered the historical geomorphic and ecological state of the LCRE

system prior to the CREDDP studies. The rate gbjglal alteration has apparently slowed compared
to the late 19th and early 20th centuries.

e Habitat complexes within the present floodplain form a highly altered mosaic compared to historical
condition, and very few historic (i.e., late 19th century) wetland habitats remain in the system.

¢ Based on an analysis of levels of stress associtbdliking, overwater structures, land conversion,
etc., at both site and watershed scales, the LCRE ecosystem is “moderately stressed” compared to
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conditions prior to dam construction, forest testy diking, etc. Most altered reaches include
Portland, Vancouver, and Longview.

Data show an expansion of invasive, highly cetitjwve, non-native species such as reed canarygrass.

Through alteration in river flowlynamics and volumes, increases in water temperature, and sea-level
rise, climate change is expected to affect the ecological processes of shallow-water habitats and
capacity of the habitats to support juvenile salmon.

Understanding the link between hydrodynamics andtagiga is critical to designing and predicting
the outcomes of restoration projects, un@erding interannual variation in assemblages, and
predicting the effects of larger scale changes (e.g., climate change).

The number of restoration projects focused on fltaidghabitats has increased and positive effects
have been seen on site-scale and ecosystem-sbitigt lsanditions. These effects benefit juvenile
salmon and the entire estuary through export and exchange of organic matter and prey export.

Literature indicates that biodiversity can be a strong regulator of ecosystem function.

Species area curves revealed higher species richnesstaning sites in the estuary as compared with
pre-restoration species richness. Natural breaching of levees and dikes has occurred over the past
several decades and these systems contain wetland assemblages and harbor fish including juvenile
salmon. Although the full return of floodplain halétéo their historical state will be protracted,

these systems will predictably continue to provide services during this development phase.

Processes required to form and maintain floodphabitats are generally restored once natural
hydrodynamics are re-established at a site.

Processes including water temperature moduiaediment accretion, vegetation structure
development, fish access, and flux of organic matege improved rapidly (over the first five years)
following hydrological reconnections.

Net ecosystem improvement through restoratioftoofiplain habitats is potentially hampered by
recent human impacts (e.g., road constructionrasolurce extraction in butary watersheds serving
the lower flood plain habitats and broader LCRE).

Climate change threatens the quality and functibthe LCRE by altering river flow, water
temperature, and sea level. Restoring wetlahdsld mitigate effects on water temperature through
enhanced water exchange and shadinthannels by dense vegetation.

7.5 Summary of Find ings - Conclusion

In this section we summarize the findings from aboe¢ we believe are most relevant to the CEERP
objectives and decision making for restaratand Research Monitoring and Evaluation.

7.5.1 Research, Monitoring, and Evaluation

Relative to the information available before 1990, we concluded that considerable progress has been

made understanding the habitat needs of juvenilecgaéind the ecology of the Columbia River estuary.
Most impressive are the results of an intensified research and monitoring program that has amassed a
wealth of new data within the last decameluding information about the following:
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¢ the estuarine habitat associations and life hiesaof juvenile Chinook salmon, and the use of
wetlands and other shallowear-shore habitats for rearing

¢ the growth rates, residence times, and food wélsibyearling Chinook salmon and various stressors
(e.q., temperature, DO, disease) ihfitence salmon within the estuary

¢ the genetic affiliations of individual Chinook salmwithin the estuary and the distinct temporal and
spatial patterns of estuary use by juveniles from different ESUs

¢ life history variations expressed pyenile salmon that contradict the “stream-type” and “ocean-
type” dichotomy traditionally ascribed to spriagd fall Chinook salmon, respectively (e.g., the
presence of subyearling spring Chinook migrantsiftower Columbia River and Willamette River
ESUs and overwintering subyearling migrants flomer and upper Columbia River fall Chinook
ESUs).

Among the key findings of recent research, momitprand evaluation in the Columbia River estuary
are the following:

¢ Although all salmonid species resident in the Colianftiver watershed were detected in shallow
water environments, Chinook, chum, and coho salmon were by far the most numerous. Chinook and
chum were mainly fry and subyearling migramtih smaller numbers of yearling Chinook salmon
also present. Coho yearlings predominated at4stem sites and subyearlings were found at some
tributary and backwater habitats. Species and stuaks distinct migradin periods that determine
when and where restoration actions will affect thathile the majority of Chinook and coho were
hatchery reared, most chum and many fry-sizeohook salmon found in shallow-water habitats are
likely wild fish requiring protected rearing habitatslost Columbia River salmon stocks are capable
of extended periods (i.e., weeks or months) of egtigaring, but the estuarine life histories and
habitat associations of many low-abundance stae&kjding at-risk salmon from interior basins, are
not well known. Little has been done with regardéhtcestigating the health and fitness of juvenile
salmon using physiological metrics in the LCRE.

¢ Recent improvements in the genetic baselimeCftinook salmon have allowed monitoring programs
to identify the stock affiliations of individual fisksampled in the estuary and to compare the habitat
associations, life histories, and performanceadfnon among different stock groups. Chinook
genetics data collected throughout the estuary provide evidence that salmon stocks exhibit distinct
and characteristic patterns of estuary rearing and migration. The results suggest that the habitat needs
of each stock will vary according to their parteutemporal and spatial pathways through the
estuary. However, genetic data alone often arsuititient to identify the geographic origins of
juvenile salmon: the existing baseline is too covslistinguish fine-scalgenetic differences (i.e.,
individual populations), and past stock transfers have redistributed many genetic stock groups far
from their natal basins. In addition, the influeéestuary rearing habitat on adult returns is poorly
understood. New study approachegehbegun to address this infortioa need, including the use of
(1) otolith chemical methods to estimate the contribution of diverse juvenile life histories to adult
survivors, and (2) life-cycle models to expdhe sensitivities of salmon populations to estuary
survival improvements. Little genetic data has been applied to other salmon species.

o Of the 42 restoration projectsviewed, only nine included AE monitoring. Of these nine, six
included reference sites as well as pre-restorationitoring, and one completed a formal before-
after analysis to evaluate biotic and abiotic response after restoration. Lack of pre-restoration data
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and appropriate reference sites within an AE\stirdits the ability to irier response resulting from
restoration actions. AE research elements aimed at evaluating salmon performance (e.g., growth,
residence time, foraging success) in restored sites raee in the majority of projects reviewed.
Studies of shallow-water habitats have focusetheriower reaches of the estuary (Reach A through
C), where lower river stocks tend to dominate sample collections. Although recent surveys have
found a greater prevalence of interior stocks inugher estuary, the habitat requirements of stocks in
this region are not well documented. In additiag, research was largely focused on spring and
summer migration periods which limit inferences ttet be made with respect to the life history
diversity of juvenile salmon in restored sites dgrother times of the year. There are a paucity of
reference sites that represent historical floodpfeibitats, thus limiting both the planning of
restoration project designs and assessing the régtotarget of restoration projects. However,
naturally breached sites and fragmented historical wetlands do exist.

¢ For all of these metrics, the effect of climate change on the long-term sustainability of restored
habitats is uncertain. Detailed synoptic studiesneeded to establish a baseline of existing
conditions to compare with CREDDP and higlentify trends for future change.

7.5.2 Habitat Restoration

¢ Habitat opportunity is limited by extensive hydrological barriers, and in areas with limited water
exchange, by low dissolved oxygen and/or highperatures. Unsuitable water-quality parameters
are more common during summer low flow periods. Restoration that reconnects hydrological links
has been shown to improve these elementsysdipal habitat opportunity. However, not all
hydraulic reconnections are created equal. Of the AE projects reviewed, some hydraulic reconnection
projects failed to create opportunities for juvenile salmon to access siggastother reconnection
projects succeeded at increasing habitat conrigcéind opportunity for fish to access sites.
Monitoring programs to date are limited but mieave documented habitadaiby juvenile salmon or
demonstrated the benefits (e.g., foraging succesdhitory variation, and growth) of estuary rearing
at juvenile life stages in shallow water habitats of the LCRE.

¢ The habitat capacity of “natural” and restored wettaiscenhanced by high production of energy-rich
insect and amphipod prey. Insects, in particular, are produced in wetlands and shallow water habitats
and contribute disproportionally to salmon diets heithin wetlands and also by larger fish after
export to main-stem habitats. Datedate do not indicate high levels of competition or predation
within wetlands and shallow watkabitats, although bird predationasserious source of mortality
for some stocks of salmonids in the saline estaad/lower river. However, salmon condition and
contaminant studies suggest high variability in sairhealth metrics, with unknown consequences
for population resiliency.

¢ Monitoring to date indicates that restoring former floodplain and intertidal wetland systems to
historical levels of hydrological reconnections results in rapid initial recovery of plant assemblages
and ecological processes relevant to salmortittsvever, quantitative relationships between
structural metrics and the functional responses afiaaids have yet to be established. Very limited
studies on export of marsh macrodetritus from restored sites indicate that a large proportion of the
macrodetritus is exported over considerable distances to the estuary proper. Restricted hydrological
reconnections are generally less effective. Halitatisdevelop on dredged material disposal islands
contain a community that differs from natural reference wetlands, but still apdeafunctional and
may benefit salmon.
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¢ Invasive non-native species, particularly reed canaggyithreaten the full recovery of the historical
community structure of former floodplain wetlands being restored. Research is sparse on the
ecological role of non-native vegetation speciegeeially the link between supporting salmon food
webs (e.g., capacity) and the contribution toliteader ecosystem of marsh-derived macrodetritus.
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8.0 Recommendations

From our review of the status of science in@wumbia River estuary and the conclusions outlined
above, we developed two broad categories of recordat®ns for the CEERP— RME and restoration.
The topics included in our recommendations generally follow from our evaluation of available
information related to each of the four gli@ss posed at the outset of this review:

1. What are the contemporary patterns of juvenile salimabitat use in the estuary, and what factors or
threats potentially limit salmon performance?

2. Do factors in the estuary limit recovery of at-risk salmon populations and ESUs?
Are estuary restoration actions improving the performance of juvenile salmon in the estuary?

4. What is the status of the estuary? Are estuarine conditions improving, declining?

Most of our analysis considered the adequacyfofmmation to fully answer the four questions above.
Accordingly, many of our recommendations suggest changes or additions to the RME program to
improve subsequent evaluatiasfssalmon and estuary ecosystem response to the CEERP.

8.1 Research, Monitoring, and Evaluation

Quantify the individual and synergistic effects of stes (e.g., high temperature, low dissolved oxygen,
and bioaccumulative chemicals) on salmon condition and survival.

Physiological measurements of salmon fithessomdition in the estuary are limited, despite
measured deleterious water-qualitydks and high body burdenstokics. These estuarine conditions
may be influencing juvenile salmon performance amdigal at ocean entryMethodologies are needed
to investigate effects of stressors (e.g., high temperature, low dissolved oxygen, and bioaccumulative
chemicals) on subsequent survival, ideally bypgison-lethal sampling techniques. In addition,
controlled laboratory experiments using known genetic stocks and life history stages are needed to
understand intrinsic variation among salmon typesboratory work should explicitly examine
thresholds and synergistic effects of high tempeeatow DO, and toxic chemicals on salmon tolerance,
behavior, and fitness for use in life-cycle and habitat modeling.

Investigate the effects of large bhaéry releases on predator poputais and food webs in the LCRE and
their implications for at-risk salmon stocks.

Recent surveys in the LCRE have documented incseéas®vian predator populations and significant
losses of juvenile salmon to predation. Yet, thienate causes or effects of these trends are poorly
understood. For example, increasing predator popuktiould be an ecosystem-level response to the
concentrated pulses of similarly-sized salmon sntbétare released from hatcheries every spring.

Additional research is needed to investigate théogamal effects of hatchery programs on the estuary
ecosystem, including behavioral responses of aviarapesito large hatchery releases, the effects of

avian predators on estuarine food webs, and the secondary effects of these ecosystem changes for at-risk
salmon.
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Develop a suite of physiological markers to indidhie health of juvenile salmonids, especially as they
relate to benefits derived from restored habitats.

Non-lethal physiological markers indicatives#imonid performance (e.g., growth, foraging success,
and condition) in restored sites may offer an alt@ado current approaches, which can be costly. An
ideal marker would help identify benefits juversi@mon derive from usg wetland habitats and
especially restoration sites. Such markers couldmsapplied at sentinel sites and serve as indicators
for overall health and condition of fish in the across the gradient of the LCRE.

Develop genetic or other techniques to further resdive geographic origins of juvenile salmon found in
particular regions and habitats of the estuary.

Despite considerable progress in genetic stoehtitication techniques over the last decade, the
resolution of the existing genetic baseline for Chinsalknon is limited to approximately the ESU level.
This scale is sufficient to compare general pastefrestuary use among different stock groups, but
cannot be used to discern the stream origins of individuals or differences in estuary habitat use among a
diversity of populations withieSUs. A higher resolution genebaseline would benefit estuary
restoration efforts on behalf of Chinook salmon.adidition, new genetic baselines would be needed to
account for differences in estuary-habitat use andiffgrent stocks of chum, coho, sockeye, or
steelhead. ldentification of salmonid population searcould benefit from further application of otolith
chemical methods if subbasins or other geograpki&sawith distinct chemical signatures can be readily
identified and validated.

Expand surveys in upper estuary reacteesompare habitat use and performance among Chinook
stocks, including stock groups that are poorly represented in most lower-estuary sample collections.

Early RME activities were focused primarilytime lower estuary, where stocks from the lower
Columbia River ESU are most abundant. Recent sarlvaye provided evidence that higher proportions
of other stock groups occur in upper-estuary readigmugh the habitat associations and life histories of
these stocks are not well documented. Additionalesignare needed, particularly in reaches D-H, to
determine stock-specific use of a diversity of floodplain, forested slough, and other habitat types
represented in the upper tidal-fluvial region of thei@st. As in other locales, surveys should compare
salmon life histories and performance (i.e., growthadng success, survival) among all genetic stocks,
including less-abundant stocks (e.g., Willamette Répging, Deschutes River fall, Snake River fall) that
may reside for extended periods in the upparagtbefore migrating to the river mouth.

Develop RME methods and study designs to tifyahe estuary’s influence on adult returns and to
estimate the effectiveness oluasy restoration for salmon recovery.

Estuary restoration and RME activities assumeithptoved salmon performance within the estuary
will benefit survival and recovery of at-risk stocks. However, validation of this assumption will require
other research methods to account for estuary linkages to the rest of the salmon life cycle. In a few
tributaries it may be feasible to quantify juverdled adult populadin abundances and directly estimate
estuary contributions to adult returns using varimask and recapture methods. Such studies are best
suited to small estuary tributaries that contaenftiil continuum of freshwater-tidal habitats, where
salmon habitat use and life histories can be readilgitored before outmigrants disperse throughout the
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main estuary. Some Oregon and Washington life-cycle monitoring programs already established in
various tributaries of the LCRE could be expandeglutantify estuary contributions to adult survival and
life history variability.

For interpreting estuary contributions to integapulations that enter the main-stem Columbia far
upstream of the estuary, adult otoliths can be analygzestonstruct the sizes and times of estuary entry
among those juveniles that survive to return. Otolith chemical techniques for life history determinations
have progressed in recent years; however, additioqmbvements are needed to distinguish juvenile
rearing in the tidal-fresh estuary from rearing pesiodnontidal freshwater areas. The understanding of
estuary contributions to salmon recovery would #lsoefit if otolith monitoring can be expanded to
compare juvenile life histories across ESUs anaissess interannual life-history variations within
selected ESUs. Finally, life-cycle modeling is an important tool to evaluate the relative sensitivities of
each ESU to survival improvements that could result from restoring estuary habitats. However, the
resolution of most existing models is relatively @@aand must be improved to explicitly account for the
estuarine phase of salmon life cycles.

Develop a quantitative understanding of relationshipsveen structural metrics and functional
responses of salmonids in restored habitats.

Structural conditions (e.g., water surface elevation, vegetaiixa ,cchannel morphology) measured
as part of AE research are informative from thespective of tracking ecosystem response; however,
there is not yet a direct link between these metrics and the benefits salmonids derive from restored sites.
Developing a quantitative understanding of the retedthips between key structural/habitat conditions
and salmonid performance (e.g., attributes of growth, foraging success, residence time) will facilitate the
development of ratio estimators and numericatleis which will strengthen the ability to predict
salmonid performance outcomes and economize future AE research.

Evaluate long-term, stock-specific responses (e.g., density, growth, conditidrige dnistory diversity)
of juvenile salmonids to CEERP actions at landscape and estuary-wide scales.

A direct linkage has yet to be demonstrated betwrestoring ecosystems in the LCRE and benefits
to listed salmon and steelhead stocks within the uppkmbia, Snake, and Willamette (UCSW) basins.
In addition, regional efforts do not include a higldkeindicator for measuring and tracking life history
diversity and juvenile salmonid detys two of the primary tenets of the Fish and Wildlife Program.
Establishing sentinel zones within the LCRE, whawenile salmon and steelhead would be routinely
monitored in shallow (i.e., beach seine) and deafer habitats (i.e., purse seine), would permit
systematic tracking of key salmon response vag&ge.g., density, growth, fish condition, and life-
history diversity) and incorporating these respomsesCEERP actions to assess landscape and estuary-
wide benefits to listed stocks.

Investigate whether competitivaenactions between hatchery and natural origin (NO) salmon
significantly influence the performance of &krstocks in shallow-water estuary habitats.

Hatchery programs substantially influence sairabundances and size-dependent patterns of salmon
habitat use and residency throughout the estuary. Although hatchery and NO salmon distributions
overlap to varying degrees, the effects of hatcfishyon estuary habitat selection and the performance of
at-risk stocks are unknown. Among important uncertainties are hatchery influence on the feeding
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behavior and foraging success of NO juveniles, the beraviesponse of NO fry or fingerlings to larger
size classes of hatchery-reared salmon, and hatchery influence on habitat capacity and the growth
potential of NO salmon in selected estuary habitats.

Further refine the degree of hydrological connection that is necessary to allow for maximum salmonid
access and maximum development of natural hisbdtad associated ecological functions.

At present most tide gate retrofits have demaistt relatively poor functionality and limited access.
If tide gate retrofits are to be considered furthiee, effectiveness of thesetimms needs to be better
understood. Retrofitting sites with tide gates gwdport greater access to sites by salmonids and the
development of wetland habitat structure and fameti processes (e.g., export of organic matter) needs
further research to inform design, pla@t) maintenance, and long-term utility.

Include marsh macrodetritus export in monitorim@grams at restored sites to better quantify the
cumulative effects of multiple resation projects on the ecosystem.

CEERP goals include offsite effects of restoratioessitFurther it appears that exported prey is being
consumed by juvenile salmonids in the main-stéie estuary. To date, few studies document export
of organic matter produced in the wetlands to tlvader ecosystem. Export of both marsh macrodetritus
and associated insects may be a very important response of the CERRP restoration program, but more
guantification of this response would help in refinthg cumulative effect of restoration projects on the
broader ecosystem in support of the salmonid food web. This would include refinements such as the size
of the site versus the among prodd and exported, the effect ogehtion on detrital export, and the
effect of flood versus non-flood events on exchangaatkrials and chemicals (e.g., nutrients, dissolved
organic carbon)

Improve understanding of the role of non-native vaiimt (i.e., reed canary grass) relative to prey
production for salmonids, macrodetritgroduction, contributions tihe broader estuarine ecosystem,
and effects on habitat biodiversity.

At present, many sites, especially those in thadieireaches of the estuary, are dominated by reed
canary grass. Eradication is very difficult, and maybe required if this species is shown to have
limited detrimental effect on CEERP objectives. ditbe there are very few studies that evaluate the
ecological role of this species. This researchiélp decide whether further actions are needed to
sustain support for salmonids and other ecological processes in areas susceptible to development of
dominant stands of reed canary grass.

Investigate further the use of dredged material disptusateate and maintain habitats that are strongly
functional for salmonid support and ecological functions.

Although vegetation has developeddnedged material islands, the actual suitability of these habitats
for fish is uncertain. Investigations as to tlesign of dredged material placement specifically to
encourage sustainable functional habitat developmewteided if creation is to be considered a viable
strategy within CEERP. These investigations shimdhlide the need for continued maintenance and re-
nourishment of created sites.
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Evaluate the response of restored habitats to clirohgénge including effects of sea level rise and flow
alterations and water temperature.

As sea level rises and water releases changeyritisar how restored floodplain wetlands will
respond. Questions important to CERRP include:

1. Will space be available for these habitats to shift to higheatites with rising sea level?

2. What will alterations in flow alterations dio terms of supporting wetland processes and access by
salmonids?

3. Will water temperature increase, reducing the effective area of restored habitats for salmonids?

Investigate whether upland development is impacgstpred floodplain wetlands or the broader
estuarine ecosystem quality.

The degradation of uplands could inhibit deyghent of restored floodplain wetlands and shallow
water habitat in the estuary. Spawning habita@my reaches has been detrimentally impacted by
upland development, thus limiting overall stock recruitmenis clear that the health of the landscapes
surrounding the restoration projects will affect theigbdf restored wetlands to develop naturally and
quickly and for functions of these wetlands tonb&intained for salmonids over the long-term.

8.2 Restoration

Our restoration recommendations concern gemeadls for restoration planning and assessment as
suggested by our review of salmon habitat usep@nibrmance in the estuary. We have not addressed
the finer details of restoration-project desigijch are beyond the scope of this review.

Evaluate salmonid performance in restored steoss multiple spatial and temporal scales.

Restoration planning must carefully weigh project goals against expected outcomes. Increasing
access at a site does not necessarily infer a bémsfiimonids if habitat capacity is poor, nor does
improving capacity if there is no access. Benefits to juvenile salmonids from restoration action are best
ascribed by examining performance metrics that inchittdoutes of growth, residence time, and foraging
success. Furthermore, AE research has largelysta on spring-summer migration periods which do not
provide a complete understanding of how juves#dimon respond to restored sites during other time
periods. Inferences regarding benefits of restamadictions must be made within the context of pre-
restoration conditions, comparisons to carefully seleatmtence and/or control sites, and at site and
landscape scales over short (1-3 yr) and long (5-10 yr) time frames.

Develop strategies for estuary habitat restoration #ngilicitly account for the temporal and spatial
pathways of different salmon stocks and life-history types.

Recent genetics survey results indicate that diffesrk groups exhibit characteristic seasonal and
spatial patterns of estuary habitat use, reflectie@ tieographic origins and their hatchery or natural
rearing histories prior to estuary entry. Such resoidy that not all stocks will benefit similarly from a
particular restoration site or project design. Manag& agencies must plan restoration strategically to
account for the broader (i.e., landscape) distributidmabftats necessary to support the varied migratory
and rearing pathways of diverse salmon stoclkesstd®ation proponents should define the particular

8.5



stocks and life history types that are intended to benefit from a restoration action, and effectiveness
should be evaluated relative to these objectives. géwetic and life history data will continue to

improve understanding of stock-specific habitat nékdsighout the estuary. Nonetheless, a requirement
to specify salmon-stock objectives will promote learning and adaptation by requiring that available
genetics data are considered during project plararidgoy setting measurable goals for evaluating future
restoration success.
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Appendix

Detailed Recommendations for Ecosystem Restor ation
in the Lower Columbia River and Estuary

Table A.1 and Table A.2 were the result of anrefiiy us to capture the full range of potential
recommendations that emerged froma trevelopment of this reportWe collectively developed the
justifications for each recommendation and indicatedijor relevant report sections that formed the
source of the recommendation. Finally, we develaparatives to identify the specific relevance of the
recommendations to the CEERP objectives, along théltrelevant reasonable and prudent actions
(RPA). Table A.1 and Table A.2 essentially capturetiounking at a point when the report findings were
fresh in our minds. From this effort, we culle@ #pecific recommendations presented in the main body
of the report (Section 8.0). We also providedenocused justification in that section.
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TableA.1. Recommendations for Research, Monitoring, andu&tin in the Lower Columbia River and Estuary

Report Relevance to
Theme Recommendation Justification Section CEERP Objective
Fish Health Derive metrics to assess salmon condition or Fish condition near the critical time of ocean entry n 3.4.2.2 May reduce
“fitness.” Develop a non-lethal technique to  set the stage for subsequent survival. A method to performance in
provide the means to test and predict the impi measure and compare the fitness of individuals and terms of growth and
of various environmental effects on populatior runs to evaluate and relate to adult returns is neede survival
resilience.
Conduct experiments on the stock-specific Temperature is a key environmental parameter though2.1.2 Mayreducehabitat
effects of temperature on salmon fitness. to control salmon physiology, behavior, and fitness. opportunity.
Evaluate how climate change may affect spatialevels routinely exceed tise deemed stressful to
and temporal habitat opportunity attributes of salmonids, yet certain genetic stocks persist and can
restoration projects. exhibit high growth and high condition factor. A
better understanding of the effects of temperature on
salmon is needed.
Map areas of low DO and conduct Low DO has the potential to induce behavioral chan 3.2.1.1 May reduce habitat
behavioral/physiological studies. in salmon that may reduce opportunity in poorly opportunity and/or
flushed habitats and/or increase predation in the lov performance.
estuary during oceaadvection events.
Ascertain the effects of various contaminants oRersistent organotoxins are prevalent in juvenile 3.4.3 Mayreduce
salmon fitness. Determine pathways of toxic salmon in the lower estuary and may affect salmon performance in
substances to salmon and devise remediation. fitness at the time they enter the ocean. terms of growth and
survival. RPA 61.1
and 61.2
Function of Assess predatory impaci§birds and fish on No specific studies of predation on salmon in wetlar 3.3.2 May limit capacity
Habitats juvenile salmon in restorations sites. Evaluate have been performed in the LCRE. Bird predation nr of habitats to
(site scale) possible ecological engineering solutions. be especially high in habitats near bird colonies. support salmon.

Assess interspecific and intraspecific
competitive impacts involving juvenile salmon.
Determine possible effects of introduced

species.

Evaluate nutrient and prey fluxes between
wetlands and the surrounding environment.

Yearling predation on fry may also be significant.

A limited number of studies investigating competitive 3.3.3
interactions have revealed little significant effect.
However, additional investigations are warranted,
especially regarding introductions.

Production and processing of dissolved and particul 3.3.1
matter through wetland environments is largely
undetermined but likely to be significant. The exten

that prey produced in wetlands but consumed

elsewhere is also unquantified.

RPA 58.4
May limit capacity
of habitats to

support salmon.
RPA 61.1

May increase overall
system productivity
and salmon
capacity. RPA 58.3
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TableA.1. (contd)

Report  Relevance to CEERP
Theme Recommendation Justification Section Objective
Initiate experimental studies of ecological Hatchery practices influence size-dependent pattern8.2.5 May limit habitat
interactions between hatchery and naturally of salmon habitat use and residency in the estuary. capacity for naturally
produced salmon within selected estuarine  Hatchery and naturally-produced salmon distributions produced salmon
habitats, including, for example, effects on  overlap to varying degrees, but the effects of hatchery stocks. RPA 58.1,
salmon feeding behavior and foraging successalmon on the performance of at-risk stocks that are 58.2, and 61.1.
the targets of estuary restoration are unknown.
Ecosystem Use measurements and models to evaluate Linkages between wetland habitats may be a key 3 May increase overall
Function levels of connectivity between restoration site attribute aiding survival of juvenile salmon, especia system productivity
(landscape Metrics can include salmon and dissolved an fry. and salmon capacity.
scale) particulate matter, and should consider spatii RPA 59.3

and temporal variables.

Evaluate nutrient and prey fluxes between
wetlands and the surrounding environment.

Production and processing of dissolved and
particulate matter through wetland environments is
largely undetermined but likely to be significant. The
extent that prey produced in wetlands but consumed
elsewhere is also unquantified.

Evaluate the effects of hatchery releases on Hatchery programs account for the majority of saln 3.1.5

estuarine ecosystem. Experimental releases produced in the Columbia River basin, and drive

may be necessary to interpret ecosystem salmon abundance patterns, size distributions, and

responses to hatchery programs. stock composition within thestuary. The effects of
concentrated releases of hatchery fish on salmon
predators, estuarine food webs, or other ecosysten
functions are poorly understood.

Conduct a flow regulation experiment that This experiment would provide guidance regarding 3.4
allows the evaluation of change in opportunitythe potential effects of water-level management on
production/capacity, and realized function of salmonid habitats and realized function for salmon.
restoration projects for salmon. There is someAdjustment to flow could have significant effects on
potential to evaluate variation in these metricsaccess and production/cafigccan could affect

by analyzing data from abnormally wet and drhabitat formation through hydrologically driven

years as compared to “normal” years. processes.

Evaluate the threatsdm climate change on  Climate-related factors could strongly affect the 6.4
flows, water-level variation, wetted area of th quality of restored habitats now and in the future.
floodplain, water temperatures, and sea-leve Although difficult to fully predict, an initial analysis
rise. of potential major changes in flow, for example,

should be evaluated.

May increaseoverall
system productivity
and salmon capacity

Could cause ecological
responses that limit the
estuary’s capacity to
support at-risk salmon.
RPA 58.1, 58.2, and
61.1.

Affectsboththe
opportunity to access
the sites and
production/capacity of
the sites. RPA 61.1 and
61.2

Affects both the
opportunity to access
the sites and
production/capacity of
the sites. RPA 61.4
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TableA.1. (contd)

Report  Relevance to CEERP
Theme Recommendation Justification Section Objective
Salmon
Reahz_ed Compare juvenile Chinook life histories and Most lower-estuary collections are dominated by 4.1.1 Affects abilities to
Function restore habitat

performance (i.e., growth, foraging success, Chinook stocks from the lower Columbia River ESl

survival) among genetic stocks, including les Low samples sizes for some ESUs limit

abundant stocks thateaunder-represented in  understanding of stock-specific habitat use.

past estuarine surveys. Additional habitat surveys are needed, particularly
reaches D-H, where some less-abundant stocks (e
Willamette River spring, Deschutes River fall, Snak
River fall) occur in higher proportions and may resi
for extended periods before migrating to the ocean

Establish reference populations in selected tidRestoration programs assume that estuary habitat 4.1.3
tributaries to quantify the estuary’s actions will promote salmon recovery; however, most
contributions to adult returns based on mark- RME studies only track the performance of
recapture studies and shato-adult returns. individuals within the estuary rather than the estuary’s
Analyze adult otoliths in other ESUs to ultimate influence on gaulation success. Selected
determine the relative contribution of estuaringeference populations representing a diversity of
life histories to returning adults. ESUs are needed to quantihe estuary’s influence
on adult abundance, life-history diversity, and smolt-
to-adult returns.

Design restoration “experiments” to directly ~ Restoration effectiveness has been based primaril 4.1.3;
test population responses to estuary restorat measurements of salmon use or performance at th 5.0
in one or more tidally-influenced tributaries. habitat (site) scale. Population-level responses to
Ideally, such experimesittould incorporate a estuary restoration are poorly understood. Tidally-
before-after-control-imact (BACI) design to  influenced tributaries may provide a microcosm

compare population responses in treated anc “estuary” where local population responses to

untreated tidal tributaries. estuarine habitat treatments can be measured.

Use life-cycle modeling to evaluate populationPopulation-level monitoring is difficult and

responses to alternative estuary restoration expensive, and relatively few tributaries may be

actions. suitable to directly measure population responses to
estuary restoration. Life-cycle modeling offers a
useful method for comparing population sensitivities
to various survival improvements within the estuary.
However, most existing models must be modified to
account explicitly for thestuarine phase of salmon
life cycle.

4.1.3

opportunities for
stocks of interest. RPA
58.2, 58.3, and 61.3

Addresses
fundamental but
unproven assumption
of CEERP. RPA 58.2,
61.1, and 61.3

Limits estimation of
salmon population
responses to restored
habitat opportunities

Comparepopulation
sensitivities to
alternative restoration
measures. RPA 58.2,
61.1, and 61.3
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TableA.1. (contd)

Theme

Recommendation

Report
Justification Section

Relevance to CEERP
Objective

Develop analytical tools needed to further
resolve the geographic origins and life histori
of individuals sampled in the estuary. Stock
identification would benefit from higher
resolution genetic baselines. Life history
reconstructions would benefit from smaller ta
and improved chemical methods for otolith
analyses.

The present baseline for Chinook salmon is too coi 4.1.1;
to interpret the local stream origins of individuals ~ 4.1.2
found in the estuary. Extiag PIT and acoustic tags

are too large to tag a representative range of all
subyearling size classes or life history types. New

otolith chemical or structural indicators are needed
distinguish salmon residency in tidal-fresh

environments from their residency in natal-stream
environments.

Reconstruct historical salmon life histories andContemporary salmon life histories reflect current 3.0
stock abundances to provide context for estuanabitat opportunities, population structure, and
restoration. ldentify restation actions that canhatchery production practices and may not identify

expand life history expression within and
among stocks to strengthen population
resilience to future disturbance.

“optimal” targets for recovy. Poorly represented
stocks and life history types may indicate more about
present opportunities than about restoration potential.
A strong historical context is needed to avoid actions
that further simplify population structure and

reinforce symptoms of stock decline.

Limits restoration of
habitat opportunities
necessary to support
stock and life history
diversity. RPA 58.2,
61.1, and 61.3

CEERPFisks
reinforcing a “sliding
baseline” of salmon
decline if restoration
objectives are not
placed in historical
context
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Table A.2. Recommendations for Ecosystem Restordtidhe Lower Columbia River and Estuary

Report Relevance to CEERP
Theme Recommendation Justification Sections Objective
AE Incorporate statistical designs into AE Integrating analytical plans with AE monitored 5.0 The quantitative evaluation of
Monitoring  research plans. plans ensures data are being collected in a wa restoration will inform

that permits appropriamalyses with which to
evaluate ecosystem response to restoration
actions.

Collect pre-restoration data at reference andrhe collection of pre-restoratiatata facilitates 5.0

treatment sites.

Include reference sites in AE study design:

Select monitored metrics that are aligned

the ability to perform a statistical analyses which
permit quantitative evaluations of ecosystem
responses resulting from restoration actions. In
the absence of pre-restoration data, the ability to
surmise meaningful evaluations of restoration
activities is severely restricted, and in some,
cases may not be possible.

Reference sites proved a context with which to 5.0
evaluate monitored metrics at a restored sites,

are necessary for conducting meaningful
evaluations regarding the relative successes o
restoration projects.

Metrics should inform attributes of habitat 5.0

with project goals and objectives as well as capacity, opportunity, and realized function.
those associated with the CEERP program. Attributes informing ealized function (e.g.,

Combine intensive and extensive monitore
locations and metrics at restoration sites
throughout the LCRE.

juvenile salmon health, growth, and residence
time) were the least studied among the AE
research projects reviewed. These metrics should
be integrated to a greater extent in future AE
research efforts to better inform salmon
performance within the context of habitat
restoration actions in the LCRE.

An AE strategy that maximizes spatial and 5.0
temporal data collection efforts while prioritizin
monitored metrics within each study area will
create the greatest oppamity for learning from
restoration actions in an efficient manner.

changes in opportunity,
capacity, and/or realized
function of habitats for
juvenile salmon. RPA 60.2

Evaluate changes in conditions
effecting opportunity,

capacity, and/or realized
function of habitats. RPA 60.1
and 60.2

Evaluate changes in conditions
effecting opportunity,

capacity, and/or realized
function of habitats. RPA 60.1
and 60.2

Monitored metrics directly
related to opportunity,
capacity, and/or realized
function of habitats for
juvenile salmon are critical for
meeting CEERP goals and
objectives. RPA 60.2

Informs attributes associated
with spatial variability of
opportunity, capacity, and
realized function. RPA 60.2
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TableA.2. (contd)

Report Relevance to CEERP
Theme Recommendation Justification Sections Objective
Evaluate response of juvenile salmonto  RME research has demonstrated juvenile salmab.0 Informs attributes associated
restoration year-round. are present in the LCRE year-round, and yet, AE with temporal variability on
research has for the most part been focused opportunity, capacity, and
during spring and summer months. There is a realized function. RPA 60.2
clear need to understand the response of juvenile
salmon to restoration actions throughout the year.
Tracking Include standardizedpert cards for projects Provide systematic data set on results of 5.10 Critical to development of a
to facilitate evaluation of multiple sites restoration projects toward meeting goals; basi standard data set on capacity
across the LCRE. for design of new project; basis for adjusting and opportunity. RPA 37 and
projects to better meet goals. RPA 60.2

Develop a centralized database to include Allow for access to datfor accounting of what  5.10 Critical to efficient reporting

monitored data for AE projects. was built and analysis of how projects were on improving capacity and
working for all project types; use for reporting to opportunity, and for informing
managers, funding sources, stakeholders, selection, design, and
researchers, etc. implementation of projects.

RPA 60
Analysis Implement a systematic and repeatable Allow managers and stakeholders to conclude 6.6.3; 6.5 Addresses whether there is an

method to assess whether there is a net
increase, decrease or no detectable chang
the LCRE ecosystem, which includes the
lowland aquatic habitats as well as the
tributary watersheds contributing to the the
habitats. Develop a set of indicators of

whether actions taken under the CEERP are
improving the ecosystem that supports salmon
recovery. It weighs the gains from protection,
enhancement, and resttoa against the losses
from development and other activities. It
evaluates whether actions are incrementally

estuarine ecosystem health and ecological reducing stressors to the.

integrity, and levels of stress that can be
assessed periodically to best characterize
system condition relative to CEERP

objectives.

increase or decrease in
capacity, opportunity, and
realized function. Will
additionally inform site
selection, design, and
implementation of projects.
RPA 59.5
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TableA.2. (contd)

Report Relevance to CEERP
Theme Recommendation Justification Sections Objective
Action Continue implementing projects that increas€he limited research andonitoring of restored 6.3.2 Directly related to all CEERP

the area of functional habitat for juvenile  sites largely verifies that most of the actions have

salmon and that provide maximum improved habitat conditions for salmon and that
(~ natural) access to the sites. salmon are accessing the sites.
Implement projectshat will reduce the Contamination in fish tissue is a concern, and 3.4.3

exposure of juvenile salmon to contaminar may affect the health of the animals.
of concern.

Use new information on wetland plant These data provide high resolution and spatially6.2.1.2
distribution relative to water level and explicit information on the main hydrological

salinity, and habitat classification in planningondition structuring floodplain wetland

projects. assemblages.

Consider, where feasible, incorporating col These refuges may enhance the duration of  3.2.1.2
water refuges in project site selection and residence time in restored habitats.
design.

objectives. RPA 37

Contaminants may reduce the
realized function in terms of
growth and survival.

Directly related to developing
the optimal
capacity/production of the site.

Essentially increases the
opportunity aspect of the site.




