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substrate and habitat juxtaposition variableshawst effective at describing juvenile
coho salmon density. Patch sizes of juvenile cahmsn were defined using

variograms. Variogram shape indicated that a nesggatlal structure may be present



in larger subbasins, indicating overlapping paterhjuvenile stream use. At the
subbasin scale, stream network occupancy by juveniho salmon was shown to vary
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Regions to Streams: Spatial and Temporal Variationn Stream Occupancy
Patterns of Coho Salmon ©ncorhynchus kisutch) on the Oregon Coast

Chapter 1

Stream Networks and Multiple Spatial Scales for arinalysis of Coho Salmon
(Oncorhynchus kisutch) on the Oregon Coast

Rebecca L. Flitcroft

Department of Fisheries and Wildlife, 104 Nash Hallegon State University,
Corvallis, Oregon, USA 97331-3803



Introduction

Research that meaningfully contributes to undadsiey patterns of occupancy
for an aquatic obligate species using multipleigpatales and a network perspective
is unusual and may expand how ecologists think ehguatic organization. This
dissertation focuses on juvenile and adult cohamealOncorhynchus kisutch) in
coastal Oregon streams. Patterns of occupancyeyije coho salmon populations in
stream networks of Oregon’s mid coast are explasdyre adult coho salmon
populations between Astoria in the north and Capad® to the south (Figure 1.1).
Not only do these boundaries correspond with tka atudied by the Coastal
Landscape Analysis and Modeling Study (CLAMS) framich many key datasets are
derived, but they correspond with coastal ecoregtbat describe areas of relatively
similar geology, vegetation and precipitation (T8wr et al. 2003). Coho salmon were
selected for analysis in this study primarily bessof their over-winter use of coastal
streams, the relatively small stream size (1st-e8der on 1:100,000 scale maps;
Strahler 1952) occupied by juveniles, and the wdidé&ibution of migrating adults.
Also, abundant data are available that documemnjier coho salmon distribution,
abundance and habitat as well as adult spawnindpergvand locations.

Perhaps the most important criteria for seleatioigo salmon in an analysis of
stream networks is that coho salmon life histakg the histories of other salmonids,
is a complex example of adaptation and survivalighdependent on a diverse array
of habitats. Adult and juvenile coho salmon usestineam network in different ways.
Adults migrate through the stream system in seaf@pawning habitat and partners.

Juveniles navigate the stream network in searedefjuate seasonal habitats for a



Figure 1.1. Outline of streams (5th order and Igrgrethe CLAMS study area.
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year of freshwater residency before migrating eodhean. Each life history stage
includes a variety of behaviors that are adaptezkistence in a changing stream
environment. | will explore the importance of habidiversity over time for coho

salmon with a network perspective that uses theptexity of a stream network for

insight and investigation.

Coho Salmon Life History

Coho salmon, also known as silver salmon, randéoimh America between
Monterey Bay, California and Point Hope, Alaskah@salmon are one of five

species of Pacific salmon belonging to the gebsorhynchus. The other four



species of Pacific salmon are pirk gorbuscha), chum Q. keta), sockeye Q. nerka)
and Chinook @. tshawytscha) salmon. Chinook and coho salmon are found in
Oregon. The two species of anadromous trout tleaslao found in Oregon are
steelhead@. mykiss) and coastal cutthroa®( clarkii). (Groot and Margolis 1991,
Lichatowich 1999, Quinn 2005).

Coho salmon spawning run times vary by latitudéh &dults entering rivers
in Alaska in July, British Columbia in Septembedddctober and Oregon and
California in November and December. However, sepexific streams have
migration runs of coho salmon as early as Apria®tate as February and March
(Groot and Margolis 1991). Juvenile coho salmo®iagon and Washington typically
spend their first year in smaller streams and négt@the ocean in the spring of their
second year (Lichatowich 1999). Habitat needsuwenile coho salmon differ
between summer and winter (Nickelson et al. 198&eper 1993, Spalding et al.
1995). Deep pools and cool water characterize surhatatat, and winter habitat is
characterized by large wood and off-channel refeges as backwaters, alcoves,
secondary channels or tributaries (Quinn and Ratet996, Rosenfeld et al. 2000,
Bell 2001, Bramblett et al. 2002).

The majority of adult coho salmon return to theatal streams to spawn.
Unfortunately, research on salmon straying ratémised. Labelle (1992) reported
that approximately 4.7% of coho salmon strayed betwnine streams on the coast of
Vancouver Island. However, he conjectured thaystgarates could be more than
40% in some streams for some years. Straying ier@amon species such as

Chinook, sockeye and pink salmon and steelheadlbaseen documented



(Shapovalov and Taft 1954, Cooper and Mangel 1998nn (2005) hypothesized
that straying would be more common in speciesdRperience greater habitat
disturbance than in those with more predictabl@renments. In this case, straying
would be an adaptation to ensure the survival ®@pibpulation in inconsistent
environments. This argument and the literature doatiments the common incidence
of straying support the assertion that metapopmnatiructure is possible and even

likely in some populations of salmon.

Study Goals

This study seeks to accomplish three goals:

1) Develop a comprehensive framework in which to abeisspatial patterns
of aquatic obligate species that incorporates thysipal context of a
stream network.

2) Explore juvenile coho distribution at multiple sipascales including an
assessment of the usefulness of stream networnktatiens of habitats or
spatial position in understanding juvenile streasa.u

3) Incorporate multiple spatial scales into a hiermahBayesian model for

adult and juvenile coho salmon densities.

Network Framework: Chapter 2
| recognized the usefulness of an articulated agtramework for ecological
research once work on this dissertation beganrimesa | was challenged by the

paucity of ecological theory and analytical todiattwere focused on stream



networks. While a network perspective has beenceggdlby some researchers, much
work is left to be done. For example, Gresswedlle2006) explored network patterns
for assessment of cutthroat trout distributionsaksand Thurow (2006) explored
patterns of Chinook redd distribution in a centdalho basin. They found that use of
the stream network increased with increasing pdjauarowth. Smith and Kraft
(2005) incorporated network position variables whealuating fish assemblages in a
watershed in New York. They found that network &akes, such as confluence link,
provided an avenue to greater ecological understgraf the metrics that describe
fish distribution. Kocik and Ferreri (1998) expldrihe juxtaposition of habitats and
size of habitats when assessing juvenile Atlargimen Salmo salar) growth and
survival. Their model of habitat showed that untirding habitat placement and size
was relevant when considering juvenile survivorsBigyond these limited studies,
little has been done to incorporate network refegiops in either ecological
understanding or analytical tools for exploring atigi patterns of life in stream
networks. Currently, network-based calculationkalfitat relationships are absent
from most current habitat interpretation or anaysi

In order to help facilitate further ecological@asch in streams that include a
network perspective, | offer the dynamic netwonkdlmgy framework. This
framework is meant to include the dynamic naturstadam habitats over time with
the complexity of travel options unique to streasworks due to limited available

directions of movement and the inherent flow ofevahutrients and inorganic matter.



Stream Networks and Scales for Juvenile Coho Salmon: Chapter 3

The context of the stream network will be explomredn attempt to further our
understanding of distribution patterns of juvemitel adult coho salmon. Patterns
within stream networks were identified by Gressweelal. (2006) as an important
research direction for analysis of biotic and abiclationships. Network distance
measurements and variables that describe netwasikgowill be incorporated into
the analysis of juvenile patterns of distributi@his analysis included multiple spatial
scales in an attempt to explore interactions betveeelogical processes and fish
distribution in the network. Three spatial scalél e considered: site, patch and
subbasin. The site scale corresponds to local tondiand the juxtaposition of
habitats within the network, and site level commisi such as substrate will be
considered in an exploration of juvenile densitigepatch scale encompasses the area
of spatial autocorrelation of juvenile coho salnvathin the stream network, and will
provide a comparison of patterns of juvenile ocaigyaacross subbasins. The
subbasin scale allows for a comparison of largéepas of juvenile occupancy with
large scale environmental conditions such as pitatign and adult spawning run
size.

Spatial location of stream features has been exglim assessments of fish
assemblage (Megalhaes et al. 2002, Benda et &) 20®iotic diversity (Day et al.
1992, Wright and Li 2002) as researchers attem|mkgatterns with biotic
distributions. Burnett (2001) explored the useiffedent spatial extents over time in
describing the distribution of juvenile salmonidasblages in the Elk River Basin,

Oregon. She found that both spatial and tempotahéxvere important in describing



the observed variability in assemblage distributi®@aomorphic criteria have been
used extensively to define stream reaches (HamidrReeves 1988, Moore et al.
1997, Rosgen 1994). Because fish habitat is agedordth stream geomorphic
characteristics, physical descriptions of stream&tbeen helpful in characterizing
seasonal habitat availability (Nickelson 1998, 3omed Moore 1999, Rosenfeld et al.
2000) and for use in predictions of population gtoand survival (Nickelson et al.
1992b, Lichatowich et al. 1995, Quinn and Peteds#®6). Landscape features have
also been used to predict fish distribution andhalance (Bradford et al. 1997,
Lunetta et al. 1997, Argent et al. 2003).

Employing a network perspective when considenuvgnile coho salmon
abundance may allow for novel ecological intergretes of occupancy. For example,
work by Chapman (1962) that identified two typeguvenile behavior was
reinterpreted decades later from a different petspe (Nielsen 1992). Chapman
identified territorial coho salmon and “nomads”ttheoved around and did not
compete successfully with the territorial fish. étcluded that the “nomads” likely
left the stream system and perished. Similar studiiddehavior by Nielsen (1992)
indicated that the non-territorial coho salmon nradeed not grow as quickly as
territorial fish, but that the choice to move cobkla successful life history strategy
for these fish. Such a shift in interpretation ofpgrical observations may be possible

when considering behavior and abundance withirctéimeext of the stream network.



Hierarchical Bayesian Modeling: Chapter 4

| reasoned that different spatial scales may spoed to the needs, drives, and
limitations of fish at different points in theiffdi history. For example, a large spatial
scale might correspond with the dispersal of afislitwhile a small spatial scale
might correspond with movement patterns of smah.fi also reason that differences
in spatial scales may contribute to a greater wtdeding of distribution patterns
when hierarchically nested in an analysis that iciams life history stage along with
habitat needs.

Three spatial scales, site, subbasin, and basire wsed in this analysis of
coho salmon. Adult coho salmon were hierarchicalbdeled using the subbasin and
basin scales and juvenile coho were modeled wétstie and subbasin scales. Two
years of data were used to model adults (2001 @6a)2vith only one year (2002)
modeled for juvenile fish. Larger scale variablesawsed with adult salmon to
reflect their movement potential and their spawrdnge. Smaller scales were used
for juveniles to reflect their limited mobility arttleir need to move among habitats to

survive in freshwater for a year before migratiodghe ocean.
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Abstract

As the broader discipline of ecology embraces oyogrocesses as a
fundamental element of ecosystems, aquatic ecddogiie working to develop theory
and techniques that allow for the analysis of dyigastream processes and
communities of organisms. The stream network id#ss upon which stream
habitats are organized. Natural and anthropogasiarbances in streams alter the
configuration of stream habitats seasonally, ddbgda over centuries. Native
aguatic species have developed different mecharfisnt®ping with the dynamic
nature of habitats in stream networks. Howeveeasitr network structure complicates
habitat connectivity for aquatic obligate specias tb limited directions of movement
offered by stream channels and the inherent doeality of flow of water and other
elements of the stream environment. A conceptaahéwork that includes the
dynamic nature of streams within the context ofgtieam network may by useful for
the study and conservation of aquatic species. Dygaetwork topology is proposed
as a conceptual framework that includes the lonatimd juxtaposition of habitats in
stream systems with the underlying structure ofstream network. Pacific salmon
and trout are used to discuss the implicationsyofdhic network topology for aquatic
obligate species. Ultimately, a perspective theluites the constraints and
opportunities for stream species of network cormgjons may help in the
development of analytical tools and managementnerendations that benefit native
species. Aquatic obligate species that resider@asts offer ecologists an opportunity
to explore new ways of thinking about movement lelavior by using the stream

network as a critical organizing feature descridongic diversity.
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Introduction

Ecology is an evolving science. A guiding prineigh ecology has been the
concept of a steady state (Wallington 2005), anak community reached through
succession (Stiling 1992). Disturbance has beemedeas a damaging disruption of
systems headed for stability (Horn 1981). While¢becept of instability as the
normal working arrangement of ecosystems is not ([@&eason 1926, 1927), it has
only been relatively recently that ecologists haggun to embrace the dynamic
spatial and temporal patterns of habitats, disecbaand organisms that are now
considered a fundamental aspect of the environ(iNaiman et al. 1992). This shift in
philosophy has repercussions throughout ecolotheairy and investigation, and has
been considered by some to be a paradigm changérngitan 2005).

Several concepts and approaches to aquatic ecategyonsistent with the
static environment paradigm. For example, streatref were often investigated from
the perspective of the restricted-movement paradq@erking 1959), which held that
adult resident fish were generally sedentary amdisine majority of their lives within
short stream reaches (20-50 m). Lack of movememnésigent fishes is consistent
with an ecological perspective that views streamstatic and unchanging. Consistent
with this philosophy is the common aquatic methodadal approach of sampling
individual sites within a stream system, rathentbatire streams (Richards and
Cernera 1989, Silliman and Bertness 2002) (Figutg Zhis sampling method
assumes that fish are not using other areas themaking sampled sites
"representative” of other unsampled sites, oritih@tement is either uncommon, or

maladaptive (Chapman 1962).
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Figure 2.1. Historically, stream studies have feclsn stream reaches or habitat units
(a) rather than analysis of the stream networkwbae (b).

\ /

sample sites ,

In recent decades, aquatic ecologists have follalwedeneral trend in
ecology and have begun the shift toward a worldwigat considers dynamic natural
processes as integral and necessary to maintacwiggical diversity (Naiman et al.
1992). The linear (Vannote et al. 1980) or stafiesSell et al. 1986) descriptions of
stream organization that have dominated aquatiesinyation (Fisher 1997) do not
adequately represent a philosophical perspectatefdicuses on interconnected and
dynamic processes. More recent organizational fwasries consider entire river
systems, or “riverscapes” (Fausch et al. 2002),iacldde disturbance as a dynamic
and integrated aspect of stream communities (Behdh 2004).

Aquatic ecologists have begun to recognize the mapoe of expanding the

spatiotemporal scale of consideration, particuladyocus has shifted from
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individuals to the restoration and preservatioermire populations, species, and
ecosystems (i.e., Scott et al. 1987, Li et al. 19%irow et al. 1997). By expanding
the scale of analysis from sites and individualeabersheds and populations, patterns
of organisms or physical processes may be intagmifferently. For example, it is
possible that the decline of anadromous Pacifimsal Oncorhynchus spp.) in

Oregon was not identified for several decades Imxapawning surveys were
conducted only on the same prime spawning sitely/ggar (Cooney and Jacobs
1995). By looking at patches of individuals in etobn from the entire population,
changes in habitat and salmon abundance at lazgkasswere missed. While this may
also be a sampling design issue, it shows thatlpbpn assessments are most
accurate when they include the range of conditionghich individuals of the
population must survive.

As aquatic ecologists begin to consider entireesgstand populations, the
network architecture of streams and the effectsetivork patterns of habitats on the
distribution, abundance, and movement of aquatigale species is a conceptual
challenge. Stream channels are the foundation wch habitats for aquatic species
are organized, and are configured as a networkawfdhing, interconnected
tributaries. The organization of habitats withie tetwork changes in response to a
variety of environmental conditions, including didiance (Benda et al. 1998,
Nakamura et al. 2000) and discharge (Gardner 08B, Poff et al. 1997). For
example, during low flows, fewer stream channels v@ve water than at high flows.
At high flows, there is generally greater connattiwithin the network as water fills

dry channels. With changing water levels, habitatsreams also change. Summer
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pools flood and become winter riffles, and dry atels fill with water becoming
pools. These changes in water levels, network ativity, and habitat types mean
that the configuration of habitats for aquatic aigens also changes. Therefore,
individuals must be adapted to the new habitatbeaable to move to other areas of
the network. The arrangement of habitats and clsaimgdneir configuration may be an
important consideration of population viability assments of aquatic species as
individuals move to find adequate habitats for sualv

Scientists have observed that stream networksmaeonstant state of flux in
response to changing climate conditions (seasqragiyadally, or over centuries),
natural disturbances (e.g., fires and landslided)faiman activities (Reeves et al.
1995). Benda et al. (2004) proposed the networlaohyos hypothesis that combines
the hierarchical physical structure of stream nekwovith dynamic disturbance
processes. By combining structure and processgesan fluvial geomorphology due
to disturbances such as debris flows may be pestli€tor example, Benda et al.
hypothesize that tributary junctions will be a nefor habitat diversity, because it is
at junctions that material from debris flows amabfls will be physically forced to
halt. Debris flow material contributes the raw niatle necessary for habitat creation
(Benda et al. 1998, Landres et al. 1999, Reevak 2002).

Patterns of deposition may be important biolodycalorgersen et al. (2004)
found that periodicity of freshwater distributioatferns of coastal cutthroat tro@. (
clarki clarki) along a mainstem stream were associated withtéi junctions.
Locally, disturbances change the proximity and eation of stream habitats in the

network over varying temporal and spatial scaléss€proximity of habitats
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necessary for different life history stages haskssociated with higher fish densities
and abundance (Kocik and Ferreri 1998, Flitcroft20At larger scales, disturbances
isolate some habitats and connect others. In ddastgon, Reeves et al. (1995)
described the complexity of stream systems oves tmresponse to large scale
disturbances. They noted that persistence in ardygn@nvironment required
organisms to develop behaviors (e.g., movemeethistory diversity, aestivation)
adapted to change (Warren and Liss 1980). The eugusited that landscape
management that mimicked the extent and frequehogtaral events would be less
harmful than anthropogenic disturbances for natpecies that are adapted to natural
disturbance regimes.

Ecologists have long observed that organismsaaptad to live in their
environments (Southwood 1977). It intuitively folle that native aquatic species are
adapted to survive in the changing habitat configans of stream networks. For
example, different behaviors among individuals wélmore or less adaptive for the
population depending on stream network conditiéias.instance, Quinn (2005)
hypothesized that adult anadromous salmonids rsighy (fail to home to natal
streams to spawn) more in years characterizeddtyrdance of natal stream beds.
Adults that stray may be more successful than thwsehome in years when natal
spawning beds have been disturbed. Therefore styandures within populations of
salmonids. Other behaviors present in salmonid ladipas that essentially spread out
risk include: some precocious males return earbptwvn (jacks); females leave
multiple pockets of eggs in each redd (Quinn 2086% when juvenile salmon hatch,

some will move, some will stay, some juveniles W#l territorial and others will be
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“floaters” (Nielsen 1992). The diversity of behand@xhibited by a population of
individuals reflects evolutionary adaptation to dgmc stream conditions that
unpredictably favor one set of behaviors over agoth

Analysis of populations of aquatic organisms ccgdefit by expanding the
perspective of ecologists to include the complegftgpatial arrangements of habitat
and movement pathways in stream networks over timhis paper, | offer dynamic
network topology as a conceptual framework that encompasses tireete of
network connectivity, juxtaposition of habitatsstirbance, and directionality of flow
(for water, nutrients, and individual aquatic ongams) that may be critical to
understanding adaptations in life history and bedraaf native species. | will first
describe dynamic network topology. Then in suceessections of the paper, | will
discuss dynamic network topology with regard tdfedences in network use
depending on life history stage, the implicatiohspmatial scale, isolation of habitats
and movement of individuals, analysis of streamvoékts, and a hypothetical scenario
that applies dynamic network topology.

In dynamic network topology, the stream networthis template upon which
habitats are arranged (topology). Resilience reflde ability of native species to
respond to the diversity and changing topologytiifasn network habitats that are
dynamic over time. In this paper, Pacific salmod &out Oncorhynchus spp.) are
generally used to explore ideas about networkioglahips and long-term survival
because of the diversity of salmonid life historpes (Pacific Fisheries Resource
Conservation Council 1998), their stream occupaany, the long history of research

studying salmonid behavior and habitat needs.
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Defining Dynamic Network Topology

Network topology is a universal notion that cafoim assessments of
population viability, habitat quality and quantignd the interrelationship between
aguatic species and the stream environment. Stneanork topology principally
describes the orientation and connection of habitabne another in a stream
network. However, stream habitats change over pleal§patial extents and temporal
scales, and therefore, the topology of an entreast network is in flux. Dynamic
network topology, therefore, describes the orieomadf habitats that change over time
a stream network (Figure 2.2). The language of chyoametwork topology is meant to
capture the changing nature of habitats in a sti®gtem in analysis that maintains
the spatial context of the underlying physical ratw

Containment of water in channels limits movemergadions of organisms
and abiotic elements to upstream, downstream a@phgeally into the hyporheic zone
(Vannote et al.1980, Fausch et al. 2002). In tereesystems, a habitat can connect
directly to other habitats along routes extendiatgptially 360 degrees. In a stream
system, by contrast, a habitat directly connectsttier habitats along only four routes
at most (upstream or downstream in a main chaandlupstream into at most two
tributaries) (Figure 2.3). Further, this branchai@ stream network at tributary
junctions means that although two stream habisatsh(as a pool and a riffle) may be
near one another in two-dimensional Cartesian splaeg may be very far apart in
network distance space (Figure 2.4, sites 2 arf@Gfdsswell et al. 2006, Lowe et al.

2006). Aquatic organisms have few directions inaliito move, and habitats may be
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Figure 2.2. As disturbance events contribute matésistreams, and as stream
hydraulics reorganize substrates, the juxtaposaisiream habitats will change over
time. For example, the configuration in (a) mayrad®ato configuration (b) and then
to configuration (c).

# Habitat Bos)
a

Time

alcove

alcove

far from one another in the network. Thereforeay be difficult for aquatic species
to navigate between habitats, or even find padichébitats in the stream network.
Difficulty navigating the network may result in tezkd survival of aquatic organisms.
Analysis of habitats that neglects to consider mosat paths and directions for
aquatic species may misrepresent population vigbili

Another consideration of habitat juxtapositiorstream networks is that
habitats may be far from one another in networkcspmt have similar physical

characteristics (e.g., depth, amounts of large weolstrate composition) because
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Figure 2.3. Direction and options for movementdquatic obligate species such as
fish are restricted to upstream or downstreamstream segment or laterally into
tributaries compared to species in a terrestristiesy with potential routes on a 360°
radius. The limited directions of movement are rmdfamental organizing feature of
stream networks for movement of aquatic species.

terrestrial

habitat stream
atch habitat
P patches

they are embedded in similar landscapes (e.qg.,tygek vegetation, disturbance
history, or land use) (Figure 2.4, sites 1, 2 andts also possible that stream
habitats with similar physical characteristics saslsubstrate (Figure 2.4, sites 2 and
5) may be further from one another in network spheae they will be to very
dissimilar stream segments (Figure 2.4, site 2 tr 4ite 5 to 6). Therefore, network
proximity between habitats does not necessarilgri@s habitat similarity. The
juxtaposition of habitat is further complicated saaally as water level fluctuations
increase or decrease the physical connectivity gnstmeam habitats. Therefore, the
topology of habitats will change as different partshe network are cut off or
reconnected, depending on discharge (Heggenesl&xl). Taken together, these
considerations imply that network distance cans®xuo orient habitats to one

another, but the landscape and seasonal contalsbismportant. Combining habitat
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Figure 2.4. Network distances may reflect connégtibut there is more to the
orientation of stream segments than simply thexdcs# between them. Sites may be
close to one another using a Euclidean or “as ititefles” distance measure, yet be
far from one another using a network measuremernin(aites 2 to 5). Also, sites that
are far from one another using a network distaasar sites 2 to 5) may be more
physically similar than sites that are close togethas in sites 2 to 4) because of
shared underlying landscape conditions (such astatgn, geology, elevation, and
gradient).

Comifer Forest

Deeiduonus Forest

Low Gradient
Wetland

—— FRuclidcan Distance

— — = » Network Distance

juxtaposition with landscape conditions may allosdigists to better understand why
organisms are distributed as they are. This intuay allow for more accurate
population level predictions of persistence.

Depending upon the ecological process of intetlsteffective distance
between two habitats in a stream network may batgren one direction than in
another, reflecting the influence of flow directidrhe effect of flow will vary with

life history stage and mobility of a species. Paaraple, while two rearing habitats
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may be equally spaced upstream or downstream frepaaning site, a newly
emerged trout alevin may be more able to move dvears with the flow of the
stream than upstream and against the flow (OttaamayForrest 1983). As the alevin
grows, movement upstream may become less diff{ialhler et al. 2001). Thus, the
strength of connection between habitats (i.e., pability of boundaries) can vary
with distance and flow direction, and may most picitvely be considered with
respect to the mobility of individual organisms.ditat patch size, permeability of
habitat patch boundaries, and spatial isolatiocoonectedness of patches may be
considered from a network perspective by usingrdmaework of dynamic network
topology. Dynamic network topology means that theation of habitats relative to
one another is coupled with a riverscape context, @eology, geomorphology, land
use, disturbance history, or elevation), therefwaviding an inclusive perspective for

assessments of populations of aquatic species.

Life History Diversity and Dynamic Network Topology

Warren and Liss (1980) described capacity of &esysas “all possible
developmental states and all possible performathegs system may exhibit while
still maintaining its integrity as a coherent entitThe capacity for species to survive
in a dynamic environment is embedded in the myieltaviors and adaptations
expressed as life history diversity in populati@iosvin 1992). Changing habitat
configurations in dynamic and easily fragmentedastr environments (Fagan 2002)
may have contributed to the variety of life histstyategies found within and among

native salmon and trout species (Rieman and Durt@0q).
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Resilient native salmon and trout must be abjeetsist in stream networks in
which topology changes over time and across spdgeh of the life history diversity
among and within populations of salmon and troatifes on movement. Dynamic
network topology allows consideration of the adapsignificance of individuals that
move compared to individuals that do not move. ddraplement of behavioral
variation expressed as movement by individualspoulation may increase chances
of population persistence in uncertain and dynatrgam network environments. For
example, some individual trout will move great digtes in their lifetime, while others
will stay close to their natal pool (Heggenes efLl8B1). Both of these life history
types will be most successful with different sdtgmmvironmental conditions as
reflected by network juxtaposition and access tathts. In years when adequate
seasonal habitats for the trout are close to onthan both movement types will
survive. In years when seasonal habitats are fat ap when disturbance makes
network habitats inhospitable, the trout that mabesmost may be more likely to
survive than the trout that does not move.

The adaptive importance of movement behavior diovisal (Levin 1992) in a
dynamic stream network may warrant explorationsetfvork topology that are
species or life history stage specific. For examible two freshwater life history
stages (juvenile and spawning adult) of coho sal(@ikisutch) have different
mobility and life history needs that define theemttof the stream network that
individuals at each life history stage will expl@ed occupy. Individual adult coho
salmon are seeking spawning habitat and matespagdravel among tributaries or

even subbasins before spawning. Juvenile coho satnust survive in freshwater for
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one year, therefore, individuals must find seasbaaitats within their natal stream
system. Therefore, adults may respond to the n&taanfiguration of spawning
habitats, while juvenile distribution may be asated with the juxtaposition of the
several habitat types necessary for freshwatedeasy. These two sets of needs may
overlap on a stream network, or they may not. jpassible that adults that are only
seeking spawning habitat and mates would spawtacep that are not close to
juvenile rearing habitat. Although the propensitydult salmon to spawn in natal
streams may compensate for this, presumably bectheselult was able to rear in that
site as a juvenile, this may not always be the.cassessments of population viability
that are based on instream habitat may be imprbyeansidering the proximity

between habitats necessary for each life hist@yest

Networks and Spatial Scale

Changing topology has different effects at différevels of organization,
from the scale of individual sites (e.g., poolsyteeam reaches and entire watersheds
(i.e., Burnett 2001, Church 2002). Domains of sexist in ecology, and these
describe the observation that patterns found aspagal or temporal scale may be
undetectable or look entirely different at anotbeale (Wiens 1989). For example,
patterns detected at small spatial extents magatefariation in the choices of
individuals, while patterns over large extents rhayassociated with overall
population level variation. The effect that spatiatemporal scale has on our
comprehension of pattern associations in a stregtmank has rarely been explored by

researchers. This may reflect the static or limgaw of stream systems that results in
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analysis of disconnected sites in stream netwateer than continuous data
collection throughout the network. Also, collectiogmprehensive census information
for a network is time consuming and costly, and feals are available to analyze data
that incorporate a stream network framework (sealysis and Dynamic Network
Topology section).

Ultimately, in many aquatic investigations, theanaes of scale and stream
network relationships are lacking in the interptietaof patterns. This could result in
misinterpretation of the meaning of spatial pateshhabitat, occupancy, or use
within a stream network. For example, there is mielbate about the effectiveness of
instream habitat enhancement structures for jugesalmonids. Studies have shown
that such structures will result in greater numladsiveniles at sites than were
present before the structures were in place. Bisleg@ssume that this means that
juvenile survival has increased due to the stresturlowever, no research has
attempted to identify where the juveniles came fthat are now inhabiting the
structure. They could simply have moved to thefsdm up or downstream. Or they
could be emerged juveniles from the site itselie pattern of juvenile occupancy has
certainly changed within the stream system, bubidy sampling at the site where the
restoration was done, it is not possible to deteentihe overall effect of the habitat
enhancement structures on the population of jugsriiroughout the stream network.

A network perspective that includes dynamic nektopology facilitates
relevant ecological interpretations of pattern®dietd at multiple spatial scales by
providing a framework within which to consider mawvent paths, habitat

juxtaposition, and specific life history stage regqments. Flitcroft (2007)
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incorporated different network variables at sevepaltial scales to explore patterns in
the distribution of juvenile coho salmo@.(kisutch). Juvenile coho salmon density,
explored at the site scale, pointed to the impaganf the close proximity of seasonal
habitats among subbasins whose juvenile densityggthbetween summers. Patch
sizes were identified by variograms that used streatwork, rather than Euclidean,
distances between points. Patterns of juvenile plagidentified as patches appeared
to reflect subbasin scale variation. Dynamic nekitopology provided a framework
within which to consider local site conditions thgh measures of habitat
juxtaposition and large scale subbasin conditibas may be associated with
environmental changes over time.

Spatial scale and the consideration or intergoetaif occupancy patterns and
movement in the stream network may be further caragdd by considering
interactions among the life history stages of amigse Consider, for example, juvenile
and adult anadromous coho salmon. As previouslytiored, these two life history
stages of coho salmon share the same distributitmei stream network but have
different habitat needs and mobility. Flitcroft 0 found that network occupancy by
juvenile coho salmon appeared to be related ta agalvning run sizes. In years of
large adult run sizes, more of the stream netwa® @ccupied by juveniles.
Therefore, the pattern of juvenile coho salmon wektvwoccupancy is mediated by the
distribution pattern of spawning adults that weoé mecessarily seeking habitats
necessary for juvenile survival. Analyses of |guailterns of juvenile distribution that
fail to include a consideration of larger scalegrats of adult run size may

misrepresent the importance of local habitat coorst
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Isolation and Movement in Stream Networks

The ability to move among habitats is critical $mrvival of native aquatic
organisms (Hanski and Gilpin 1991, Gresswell e2@06). The concept of isolation
applies to habitats or individuals. Habitats maydo¢ated from one another due to the
configuration of the stream network or environméataditions (i.e., disturbance,
discharge). Individuals may be isolated from onetlagr or from the habitats that they
need to survive. Isolation for individuals in eitlod these instances may be due to the
physical configuration of the stream network, otie level of mobility of the
individual. For example, a species of salamand#r lvhited mobility will need
habitat patches that are close together to avoldtien from necessary habitats. This
compares to a highly mobile trout that may sungven when necessary habitats are
separated by many kilometers of stream channekeidre, habitat topology
necessary for the salamander to survive will biedkht than the topology for the
trout, and not simply because they have differahitat needs. The implications of
dynamic habitat changes due to disturbance or sabdscharge will apply
differently to species depending on mobility. Tisigcologically important when
assessments of stream habitat are part of popuhability analyses. Analyses that
do not consider species-specific habitat and thiilihoof individuals may not
accurately gauge the amount of habitat availabiéofay-term persistence.

Isolation within and among stream networks mawg lsegnificant feature
describing the distribution of a population of angans. For example, in the arid

mountain west of the United States, stream systamdgheir populations of species
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may become isolated seasonally, and some systenpeananently separated from
one another, due to long-term climate change.dsdlarid environments, population
viability assessments that span isolated streatersgsshould take into account the
lack of connectivity between subpopulations. Coaisiédband troutdncor hynchus
mykiss) that are distributed across the interior GreatiBaf Oregon. Populations of
trout are permanently isolated from one anothatri@am networks that were once
connected as part of a large lake. Further, trseeseasonal isolation of habitats in the
Great Basin when low water summer months resudtyrstream beds and high
temperature stream reaches that may be impassatdd@liand trout. The lack of
connectivity among streams means that there ipportunity for a stream whose fish
have been extirpated (due perhaps to a disturbarerg or high stream temperatures)
to be recolonized and recover to pre-extirpatioele Current population assessments
of redband trout (Jones et al. 2007) discuss thatien of subpopulations in
disconnected basins, but do not consider the lackmectivity among or within
stream systems in the anticipated long term sureiveedband trout. By failing to
consider system connectivity and the effects admnces in fragile desert streams,
population assessments based simply on populasttmages without considering the
vulnerability to extinction of isolated subpoputats may exaggerate a species'

anticipated long-term persistence.

Analysis and Dynamic Network Topology
How variables describing stream conditions ardyaed is an ongoing

challenge to stream ecologists. The framework ofdyic network topology does not
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include new network based statistics for analyd@vever, considering current
statistical tools that include stream networks, enaluating traditional statistical tools
with regards to network relationships is an impareelement of any approach that is
meant to contribute to a network-based ecologroadstigation.

Independence of observations is a fundamentahgstsan of many parametric
statistical methods. Lack of independence, whickustes correlation among
observations, may mean that one observation cansaime of the same information
that is contained in other observations. Ignoriogalation can produce incorrect
estimates and standard errors. Therefore, starstiidtical methods for analyzing
stream data may be compromised by the inherentecbinity of a stream network.

Often, researchers simply include models for dated error terms in
regression models, in an attempt to capture theddmmdependence among sample
sites in stream systems (i.e., Megalhaes et aR 208y and Death 2004, Grenouillet et
al. 2004). Such work has indicated that stream odwriteria can be critically
important in understanding the patterns of aquatta. However, developing and
using variables that reflect both network proxinatyd habitat types without reducing
analysis to a comparison of network distances alehging.

There have been some attempts at developingt&taltisampling protocols
that allow researchers to capture the variaticanientire population of streams
(Larsen et al. 2001, Jacobs and Cooney 1995). ®ebhiques focus on sampling
designs that allow for a spatially random selectbeample sites across a population
of streams. This type of sampling design effecyivdscribes the mean and variance

of individual stream variables over a large regiout, how clearly this reflects the
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subtle pulse and flow of contiguous stream usedpufations of organisms continues
to be an open question. Also, researchers mustieléai themselves whether seeking
to develop sampling strategies and analyses tlggtaehe correlation inherent in
most network based systems is the most ecologicdlijtive approach. Statistical
methods that take advantage of correlation, ratiesr viewing correlation as a
nuisance, may more realistically reflect ecolog®atems and better inform our
understanding of the interconnectedness of flsgatems and the organisms that
depend on them.

In terrestrial ecology, spatial statistical methdéve been developed that take
advantage of autocorrelation by considering theipmity between observations that
is inherent in the landscape (Legendre and Fo89)L These statistical techniques
allow researchers to explore and compare pattenessthe landscape. Unfortunately
for aquatic ecologists, such spatial statisticsgarerally inappropriate for work with
stream systems, due to directionality of water mmient flow. Directionality is not a
consideration of spatial statistics that seek shaagiation among points in every
direction, not just upstream or downstream, in ptdeletect patterns in a dataset.

Pioneering work has been done recently that atietopnodify spatial
statistical tools (Ganio et al. 2005, Cressie €2@06, VerHoef et al. 2006) or analysis
(Gresswell et al. 2006) to the strictures of stresmvironments. Because there is a
direction of flow in stream systems, statistics rdayelop that are similar to the flow
of time in time series data: a point in the pasticluence a point in the future but not
vice versa. Spatial statistical methods in streamsld allow influence to flow

directionally between two points. Aquatic speciasstrbe considered within the
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context of the stream network, and within the frauoek of their ability to move to
areas upstream or downstream when patterns arglsesand interpreted using
statistics. The current work with spatial statistic streams that encompasses
upstream or downstream directionality is promisang may well lead to analytical

tools that more closely reflect the movement ogiohindividual fish.

An Application of Dynamic Network Topology

The application of dynamic network topology magtdge explained using an
example. Consider coho salmon. As previously mestiothese fish use freshwater
streams in their adult and juvenile life historgggs, and fish in these two life stages
have different levels of mobility and habitat neddshe Pacific Northwest, much
time, energy, and expense has been spent on clvhorshabitat enhancement
projects. However, these projects do not consiuefuxtaposition of habitats for each
life history stage. By including considerationgloé proximity and quality of existing
habitats, enhancement work may be more effectiae@mplishing its goal of
providing more habitat for coho salmon.

In many habitat assessments for coho salmon,uitmder of stream kilometers
of certain types of stream habitat is summarizeslatbbasin or basin scale or habitats
for spawning adults, summer juvenile rearing poafs] winter off channel refuge
habitats for juveniles are often calculated (Jehnson 1999). For example, in
subbasin “A” there might be 2 km of spawning bessoaiated with 5 spawning
reaches, 4 km of summer rearing habitat correspgnaith 8 pools, and 3 km of

winter habitat corresponding with 4 off-channel itatis. This combination of habitats
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in a basin may be deemed adequate to sustain thggbion of coho salmon that live
there. This may be the case if the habitats aeermked and do not require great
navigation in order for the fish at each life stagéind the necessary habitats. From a
dynamic network topology perspective, summary im@tion that might describe
juxtaposition would include the proximity along thetwork between spawning
habitat and summer pools, and then between summoés and winter rearing

habitats. This would be the progression betweeitdtalihat juvenile coho salmon
would need.

Consider two different orientations of habitasurbbasin “A” that might depict
extreme examples of habitat organization. In thet ionfiguration, habitats are
intermixed, and network distances between seasatiats are short (Figure 2.5a).

In the second configuration, each set of habitatsalated in individual tributaries,
complicating navigation between seasonal habitatsigh the network, and also
causing distances between habitats to be larger@R5b). Although both scenarios
contain the same quantities of habitat, the impbes of the configuration of habitats
for juvenile survival are different. In the interxxed subbasin, juveniles may have little
difficulty finding necessary habitats, but juvesii@ subbasins with habitats isolated
from one another may have difficulty finding paui@r habitats. Isolation of habitats
may possibly result in lower juvenile survival apgth. If a watershed manager was
faced with these two sets of subbasin configuratitargeting restoration projects that
provide seasonal habitats in a pattern that redugeigiation difficulty or network

distances might be the most successful coursetiohac



37

Figure 2.5. Two extreme examples of habitat arrareggs may be conceptually
useful when considering how an individual juvemitdio salmon must move within
the network to find necessary seasonal. Figurean@)b) share the same stream
network, and the same numbers of habitat sitesitied for coho salmon as spawning
(S), summer refuge (sum), or winter rearing (witdwever, the arrangement of the
habitats is quite different with figure (a) depttiaterspersion of habitats while each
seasonal habitat is restricted to specific tribatain (b).

S =spawning
sum sum = summer refuge
win = winter rearing

Another element of dynamic network topology is redscape context, which
affects how habitats will change over time. Consttle two subbasins described
previously. If these two subbasins have the sarmdenlying geology and land use, it
might be efficient for a watershed manager to agrshow the landscape may affect
the stream in the future. For example, if a portbthe watershed was in an
agricultural classification, it is possible thabgion in these areas would be
detrimental to juvenile survival. Hence, restonmatibat encouraged juveniles to live in
these areas would be counterproductive in thedufRather, focusing work in areas

where future disturbance events may deliver mdteeeessary for habitat creation
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may be useful. For example, focusing on restoratiareas that have large trees in
the riparian zone that may be expected to be delivi® the stream in future decades
might be a more productive location to encourage o populate. Each watershed
will have a unique configuration of habitats andegmial for disturbances. However,
dynamic network topology may provide a way of thingkabout the current and future
conditions of the stream network from the perspeatif the aquatic species whose
survival is being analyzed.

Dynamic network topology is not meant to descal@ocess of analysis as
much as a framework from which to approach popataievel analysis of habitats in
stream basins. Considering the topology of habéatkthe effect that change will
have in a watershed may be useful in developingagement that seeks to restore

populations of aquatic organisms.

Conclusions

With the accepted awareness by ecologists ofntipeitance and fundamental
place of disturbance in creating and maintainingsgstems, new ways of thinking
about organization are necessary. In aguatic egpbogtatic or linear perspective is
being replaced by a focus on dynamic processesnéée for a network perspective is
becoming increasingly clear, as research shifts facsite-level focus to the
consideration of watersheds and the movement pattdrpopulations of aquatic
species. Dynamic network topology is a universaiomothat can inform assessments
of population viability, habitat quality and quawgtiand the interrelationship between

aguatic species and the environment. Dynamic né&tvomology may help aquatic
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biologists understand patterns of occupancy, dégpeand life history needs within
the context of a stream network.

This paper is intended to raise the awarenesguater ecologists about the
need for consideration of species within the framdwvof an interconnected stream
environment. | propose the framework of dynamieuoek topology as a conceptual
base from which to consider stream processes a&wleids of aquatic species.
Further research that incorporates movement pttggnentation, and isolation in a
stream network would help deepen our understarafitizge ecology and needs of
aquatic species. Including spatial and tempordésoahe interpretation of patterns of
occupancy and movement must also be considerisdoflicritical importance for the
conservation of aquatic obligate stream speciddibéogists develop an adequate
working understanding of the mechanisms of dispersa habitat use in the stream
network.

The majority of examples and ideas that have méat the creation of a
dynamic network topology come from Pacific salmad &out. However, the concept
that the configuration of stream network habitdtanges over time, and that native
species are adapted to cope with these changeberegyplied to any species with an
aquatic obligate life history stage. The complexityhabitat juxtaposition in stream
networks, coupled with limited directions of movarhdue to network configuration
and directionality of flow, are implicit in any polation level analysis of an aquatic
species. Further consideration and discussiontefark connectivity, movement
options, and habitat juxtaposition will enrich atefine aquatic ecological theory and

practice.
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Abstract

Analyzing streams as networks may offer opportesito understand the
movement and distribution of aquatic species. Ndtvanalysis is challenging for
aquatic ecologists due to limited research techescqnd the need for census style
field data collections. Further, a stream netwodymrovide opportunities to explore
multiple spatial scales within a stream systemidadtify ecological relationships that
are scale specific. Studies that examine the imptios of network patterns at
different spatial scales may contribute new iddamiaaquatic species persistence and
habitat needs. In this study, the distributionusgnile coho salmon in the stream
network was investigated in eleven subbasins of@rs Mid-Coast at three spatial
scales (site, patch and subbasin). At the siteesaatomparison of traditional
instream, site-specific habitat descriptors withweek orientation and habitat
juxtaposition variables was completed in orderdplere the usefulness of both types
of metrics in understanding juvenile stream useioggams using network distances
were generated to describe patches of juvenile salmon. Patch size was compared
to basin shape to explore whether underlying gephwogy effected how juvenile
coho clumped around habitat. The subbasin scale/@dl for the exploration of large-
scale environmental conditions that may be impaofi@nof juvenile coho salmon
distribution (adult spawning run size and precipit®). A variety of statistical tools
including principle components analysis, discrinmihanalysis and a local-mean non-
parametric multiplicative regression analysis wesed to explore connections
between juvenile density and explanatory variabte=ach spatial scale. At the site

scale, modeling and principle components analysze wmterpreted to mean that a
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diversity of habitats in close network proximitynecessary for juvenile survival.
Patches of juvenile coho were linked to the sizthefwatershed, and at a subbasin
scale it appeared that juvenile network occupanay tied to the size of the spawning
adult run. Each spatial scale identified diffenexiaitionships between juvenile coho
and their environment and could be integrated teenfuly describe how juvenile
coho use the stream network. Using an analytioapeetive that includes stream
network relationships contributed to a meaningfitéipretation of the pattern of

juvenile occupancy, and conclusions about habéatia at this life history stage.

Introduction

Stream systems in the Pacific Northwest are cheniaed by habitat and
environmental conditions that may change dramdyicader time. Dynamic stream
processes, including disturbance (Nakamura eD&IOY, fire (Miller et al. 2003) and
flooding (Benda and Dunne 1997, Swanson et al. 19@&k to connect or
disconnect portions of the stream system. In tis¢ @entury, additional disturbance
from anthropogenic activities such as timber harwesd building (Trombulak and
Frissell 2000), farming and urbanization (Lichatolwil999) have changed the extent
and interval between disturbance events (Reevals £995).

A dynamic stream environment may lead to a vaétyabitat types within
the stream channel. Stream channels are organszathetwork of interconnected
tributaries. Ultimately, the stream network is thmplate upon which landscape
processes act and the resulting stream mosaiawfillde a variety of habitat

conditions (Naiman et al. 1992). Therefore, thestderation of stream habitat
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diversity and connectivity for aquatic species rbapefit from including the topology
or physical orientation of habitats within a streaetwork.

How aquatic obligate species respond to the cardigpn of habitats in a
stream network may provide insight into behaviaradaptations that have led to
resilience in native organisms (Flitcroft 2007)g&a (2002) showed that
fragmentation in a stream system reduces conngcéimong the different parts of the
network making navigation among necessary halfwataquatic species difficult.
Fagan speculated that lack of connectivity anchismh of habitats and individuals
could increase chances of biological extinctiorati location of stream features has
been explored in assessments of fish assemblagasa(Vaes et al. 2002) and biotic
diversity (Day et al. 1992, Wright and Li 2002)attempts to link geomorphic
patterns with biotic distributions. Montgomery €t(a999) connected stream channel
type with spawning distributions of salmonids andduded that the size of spawning
fish determined redd depth, thereby dictating tveelst range within the stream
network that redds could be dug and not disturbyeanmual river flow and the ability
of rivers to move substrate.

An important research question facing modern egsls is: "What are the
implications of network patterns of habitat, ocaupaand abundance for the long-
term persistence of aquatic obligate species?" bidtpatterns lend themselves to
analysis at multiple spatial scales. The netwc#litis one large scale, and the sites
that compose the samples are another. Currento@ists recognize the need for
analyses that explore broad spatial and tempoassthat may contribute to a better

understanding of the needs of populations of spd€&iausch et al. 2002, Frissell 1986,
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Schlosser 1991, Talley 2007). Burnett (2001) exgaldhe use of different spatial
extents in describing the distribution of juverskEdmonid assemblages in the Elk
River Basin, Oregon. She found that spatial ext®et time was important in
describing the observed variability in assemblag&idution. However, much of our
current understanding about the distribution aretieef stream fishes is derived from
studies that consider relatively small spatial etgegenerally habitat units or reaches,
without the context of time, multiple spatial ssate network connectivity (Matthews
and Marsh-Matthews 2003). Small scale studies aralnie to detect patterns at larger
scales (Wiens 1989) and may be unable to deteterpatof connectivity in an entire
network. Studies that include network connectiatynultiple spatial scales may
allow ecologists to learn about ecological proceskat contribute to the persistence
and resilience of native species.

Although many ecologists recognize the importasfcgpatial scale and stream
connectivity, incorporating such a perspective cwds to be challenging. In Chapter
2 (Flitcroft 2007), | explored why a network perspee has been elusive in the
discipline of aquatic ecology. Two reasons | idigedi were the lack of research of
domains of scale (patterns at different scalesrtesdifferent processes, [Wiens
1989]) in aquatic ecology and the paucity of stad methods developed for stream
network applications. Analysis incorporating a natikvframework is difficult due to
the lack of research on what patterns of streane$éisnean at multiple scales and
network configurations and is compounded by a zdkdependence in stream
networks that violates assumptions of parametatssics making any analysis

challenging.
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Aquatic obligate species such as Pacific saln@mgrhynchus spp.) face
unique challenges living in and using multiple lb@as within a stream network.
Individuals must be able to migrate into and oua stream system and find
appropriate habitats at each life history stage. gifoximity and connectivity of
habitats may be a significant consideration whgimgrto understand the distribution
and abundance of salmonids (Benda et al. 2004)o Galmon Q. kisutch) provide an
opportunity to explore patterns of network use tutheir broad distribution and the
depth of research that has focused on their I8tohy expression and needs. As an
anadromous species, sexually mature adults hotmeitonatal streams to spawn and
then die (Groot and Margolis 1991). Some adult ceddoon stray rather than
returning to their natal stream (Labelle 1992).ddefmigrating to the ocean, juveniles
spend a year rearing in freshwater and may userdiff seasonal habitats that are
located throughout a watershed (Nickelson et @249Nickelson et al. 1992b,
Sleeper 1993).

A network framework incorporated into an analysdisnultiple spatial scales
over time may provide insights into juvenile colanson occupancy, distribution and
abundance. In this retrospective study, three tibcwere identified that explore
how a stream network framework may be incorporatxlan analysis of juvenile
coho over a five-year period across multiple stregatems and spatial scales. My
first objective was to compare the explanatory poo¥eénstream and network habitat
variables for each year of juvenile coho salmorsdgnThe second objective was to
characterize the size of habitat patches occupigdvenile coho salmon and examine

relationships with basin shape and area. The thjective was to describe juvenile
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coho salmon network occupancy in eleven subbasidsansider large-scale
environmental conditions that might be importamtdrplaining occupancy patterns.
Due to the challenge of collecting multiple prestixig datasets for this analysis,

different objectives are explored with differentdainations of subbasins.

Materials and Methods
Study Area

Subbasins in the mid-coast of Oregon (Figure @dre selected for analysis
because several organizations (i.e., Oregon Depattaof Fish and Wildlife and the
Mid-Coast Watershed Council) have studied adultjaaenile life history stages of
coho salmon in this area. The mid-coast of Oreganiarea of similar geology,
vegetation, land use and precipitation. The heaelwaif the larger Siletz and Alsea
River basins begin in the Oregon Coast Range andaered predominantly by
conifer forests. Timber harvest is an important@eoic activity in the higher
elevation areas and agriculture is the dominart lese activity in the lowlands. The
geology is a mixture of volcanic and sedimentaigksy and volcanic terrain generally
found to the north. The climate of this region igdmvith precipitation occurring
predominantly in the winter months (Redmond anddiai997).

Some populations of coho salmon are listed asrgyetad by the state of
Oregon (ODFW 2005). This species has significamroercial and recreational value
for communities on the Oregon coast. However, tream habitat of coho salmon has

been heavily affected by anthropogenic disturbatita&shave increased sediment
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Figure 3.1. Highlighted subbasins in the Alsea Sitetz River Basins that were
included in an analysis of multiple spatial scales incorporated a stream network

framework.
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loads, decreased wood content of streams, andlutteal barriers to migration such as
culverts and water diversions (Lichatowich 1998)ehile coho salmon over-winter
primarily in coastal streams of relatively smatksim size (1st—3rd order on 1:100,000
scale maps, Strahler 1952) (Rosenfeld et al. 20R€9earch and monitoring data are
available that document juvenile coho salmon distion, abundance, habitat,
behavior and life history diversity.

Multiple spatial extents were incorporated intis nalysis (Figure 3.2). The

site scale corresponds with the size of pools whetenile coho salmon were
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Figure 3.2. The three spatial scales includedrubiple scale analysis of subbasins
in the Alsea and Siletz River basins are the pa&;h and subbasin.
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snorkeled and was used to explore instream andonletvabitat variables in close

proximity to the pools. The patch scale varied lesmv100 and 5000 meters and

described the size of clumps of juvenile coho salnRatch size was compared to
subbasin scale conditions. The subbasin scale danggze from 32 to 300 kfrand
allowed for the characterization of subbasins wetiard to juvenile occupancy

changes over the five years of this study.

Datasets
Juvenile coho salmon counts for the years 19989,12@01 and 2002 came
from snorkel surveys conducted by the Mid-Coastaigdted Council. Survey data

from 2000 were not used because accurate field megessary for georeferencing
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were unavailable. During a summer field seasongJdrough September), every fifth
pool was snorkeled, and all fish were counted ftbenstream mouth to the
headwaters, including all tributaries. Surveys ehide a particular stream when five
consecutive pools surveyed contained no juvenit® &lmon. Although juvenile
coho salmon may move during any season of the(Yednler et al. 2001), summer
surveys are important because this is the timesaf when juveniles are assumed to
move the least (Nickelson et al. 1992b). Therefsueamer snorkel surveys permitted
collection of comparable snorkel information oveveral months across years.

Adult coho salmon spawning run sizes for the midstaf Oregon were taken
from reports prepared by the Oregon Departmentstf &d Wildlife's spawning
survey program (Jacobs et al. 2002). The spawningize estimates were calculated
using randomly selected sample locations that weanisited regularly by field crews
during the spawning season to count both spawmshgahd redds (Jacobs and
Nickelson 1989). The randomly collected data was tiised to estimate the size of
the adult coho salmon spawning run.

Fine scale instream site specific habitat survéyrmation came from the
Oregon Department of Fish and Wildlife Aquatic Int@ies Program (AIP). Field
habitat survey crews walked from the stream mouthé headwaters during the
summer, gathering measurements of the physicamtemvironment and identifying
discrete habitat units such as pools, riffles drdkg (Moore et al. 1997). Field
surveys from 1997 through 2002 were pieced togethencompass the subbasins of
interest for this study. A total of seventeen i@am habitat metrics were considered in

this analysis and were transformed, as necessargpfmality (Table 3.1).



Table 3.1. Variables in network and habitat datgath source information and

transformations.

Source Measurement
Variable Transformations Dataset Type
Network Dataset
Stream Order None CLAMS Modeled
Mean Annual Precipitation None CLAMS  Modeled
Intrinsic Potential Coho None CLAMS  Modeled
Intrinsic Potential Coho — Modeled
Gradient None CLAMS
Stream Width Logarithmic CLAMS Modeled
Valley Width Index Logarithmic CLAMS Modeled
Elevation Square Root CLAMS  Modeled
Mean Gradient Downstream Logarithmic CLAMS Modeled
Dist. to Spawning Habitat None CLAMS  Modeled
Dist. to Winter Rearing Modeled
Habitat None CLAMS
Dist. to Summer Habitat None CLAMS  Modeled
Habitat Dataset
Shade None ODFW AQI Field Estimated
Valley Form None ODFW AQI Field Estimated
Slope None ODFW AQI Field Estimated
Depth None ODFW AQI Field Estimated
Percent Silt and Organic Field Estimated
Substrate None ODFW AQI
Percent Sand in Substrate None ODFW A(Hield Estimated
Percent Gravel in Substrate None ODFW AQHield Estimated
Percent Cobble in Substrate None ODFW A(Hield Estimated
Percent Boulder in Substrate  None ODFW AQHield Estimated
Percent Bedrock in Substrate  None ODFW A(Hield Estimated
Boulder Count None ODFW AQI Field Estimated
Active Channel Erosion None ODFW AQIField Estimated
Percent Undercut Bank None ODFW AQField Estimated
Number of Pieces of Wood None ODFW AQField Estimated
Wood Volume None ODFW AQI Field Estimated
Key Pieces of Wood None ODFW AQIField Estimated
Percent Canopy Closure None ODFW AQField Estimated
Other Variables
Subbasin None Descriptive Locator
Basin None Descriptive Locator
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Information about geology was acquired from a skttareated by the United
States Geological Survey (USGS) that containedidegl geology information at a
1:500,000 scale. Mean annual precipitation for Oregas compiled by the PRISM
(Parameter-elevation Regressions on IndependepeSModel) group at Oregon
State University, part of the Oregon Climate SexvRainfall records between 1971
and 2000 were used in an assessment processdbgionated spatial effects of rain

shadows and coastal effects (Daly et al. 1999).

Generating Stream Network Variables

Stream network variables need to represent the lexityg connection, and
hierarchical organization of a stream. These véghand the stream network itself
were derived by the Coastal Landscape AnalysisModkeling Study (CLAMS).
Stream lines were generated from 10-m digital ¢lemanodels (Miller 2003, Clarke
et al. in review). A geographic information systé@&iS) (Arcinfo version 9.1) was
used to overlay the modeled stream data from th&\NC3E dataset, site-specific survey
information from the AIP project, and the juversigorkel survey points. Stream
network variables that represented habitat intereotedness and network spatial
organization included stream order, mean annuaigtation (mm), mean gradient
downstream (from the stream segment under consioleyacoho salmon intrinsic
potential (Burnett et al. 2007), gradient of insimpotential for coho salmon,
elevation, stream width and valley width index. 8ese variables were on many
different scales, some variables were modifiechfnmality using logarithmic or

square root transformations as necessary to eadelimgpand analysis (Table 3.1).
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Figure 3.3. Generalized pictorial of network distamcalculation: network distances
were calculated from juvenile snorkel sites todlusest available seasonal habitat.
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The network juxtaposition of critical seasonal haisi (spawning, summer
refuge and winter rearing) required the identifmatof adequate seasonal habitats.
Seasonal habitats were queried from the ODFW Alitatasurveys. The criteria used
to define “adequate” habitat were based on the OE&Nchmarks (Appendix 3.1)
for site-specific habitat features (Foster et @DD). Adequate spawning habitat was
defined as riffle units witk 50 percent gravel a8 percent silt. Summer habitat
was defined as poots0.5 m in depth. Winter rearing habitat includeldoéft-channel
habitats defined as backwater pools, alcoves tatest pools. While the importance
of beaver pools as rearing habitat is well knowallgh and Gibson 2001, Pollock et
al. 2004), these habitats were not included bectingseoccurred in only one subbasin.
| did not want to misrepresent the importance @vee pools throughout the region.

Also, in the subbasin that had beavers present there alcoves and other off
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channel habitat that represented available wirdertat. Each habitat unit that met the
criteria for adequate habitat was selected fronmhban coverage and placed into a
new coverage for that type of habitat. The ArcVi@® (ESRI) extension, Shortest
Network Paths Version 1.1 (Remington 1999) was wg@alculate network distances
between the juvenile snorkel sites and seasondiltalFigure 3.3).

Network occupancy metrics were meant to repreenamount of stream
network in which juvenile coho salmon were pressrd subbasin scale. After the
juvenile snorkel survey data was plotted in a @8,number of stream kilometers
that encompassed the range of juvenile coho fdr gaar, and in each subbasin, could

be calculated.

Variable Selection

A large number of instream and network variablesveailable for analysis
(Table 3.1). Three steps were used to reduceishit modeling and statistical
analysis. Each year was assessed individually lsedéwe snorkel surveys were not
designed to survey the same pools every year, Rigirrelation analysis of the
original suite of variables available in the netlwand habitat datasets was completed
for each year of data. Three of the network vaesablere excluded from the
correlation analysis (CA) because of interest @irtmclusion in later analysis and
modeling (the variables described the nearestraistéo habitats important in
summer, for winter rearing and adult spawning),levbne categorical variable (valley
form) was excluded from the CA of instream metriext, variables were dropped

based on similarity and a preliminary principle gmments analysis (PCA) (PC Ord
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software, McCune and Mefford 1999). A PCA of théueed network and instream
habitat metrics guided the final selection of viales for models of juvenile density
with instream and network metrics. Only variablest twere important in the
eigenvalues of the first three PCA axes were ssdedthis PCA was also used to

describe the habitat structure in each year of. data

Objective One: Juvenile Density at the Site Scale

Juvenile coho salmon use different habitats ired#iit seasons during their
year of freshwater residency. The juxtapositiotheke habitats in the stream network
may be important when considering patterns of jigerccupancy and site-specific
density. In order to explore the efficacy of netwaretrics in describing juvenile
density, | compared the effectiveness of instredeaspecific habitat variables with
stream network variables. Data were analyzed flueetsubbasins in the Alsea River
basin (note: Upper Drift Creek, Five Rivers, and 8outh Fork Alsea) and four
subbasins in the Siletz River basin (note: RocldateSams and Sunshine Creeks)
that contained overlapping juvenile snorkel surkeations and ODFW aquatic
inventory survey sites. Sites (n=1990) includechdadm 1998, 1999, 2001 and 2002
juvenile surveys. Throughout the site-scale ang)ysvenile density was log
transformed to meet assumptions of normality.

Before modeling instream and network metrics, llesgal the variability
within the dataset. First, an Analysis of Variaf@®&OVA) (using SAS 9.1 software)
was used to test for differences in juvenile dgnasimong and within subbasins over

the four years of data (1998, 1999, 2001 and 2008).distance from the site to the
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stream mouth was included in the ANOVA to contal dutocorrelation (tested for
with Durbin-Watson test). Second, | explored whethe habitat used by juvenile fish
changed among years. The identification of predamtimetrics describing habitat
were explored using a PCA of both the instreamraetdiork datasets.

In preliminary data analysis | noticed that somieb&sins had increasing
juvenile density between 2001 and 2002 and othalsdecreasing densities. | used a
discriminant analysis (DA) (grouping on increasargl decreasing subbasins) and
PCA to explore whether the network or habitat detsasould help explain subbasin
differences.

| next modeled juvenile density using the instreard network datasets
independently and together. | sought a modelingrtegie that uses non-parametric
relationships between dependent and independeables because preliminary
analysis using parametric relationships was urfaatisry due to low Rvalues. |
chose a local-mean non-parametric multiplicatigression (LM-NPMR) for
modeling (Hyperniche software, McCune and Meffod®42). The form of non-
parametric multiplicative regression used in thgeétyiche software is characterized
by a leave-one-out cross-validation model seledgchnique meant to guard against
model overfitting. Model quality was evaluated @sincross-validated®alue and
examination of model fit in graphs of residuals astimated values. The LM-NPMR
used in my analysis incorporates a Gaussian loeahnas the local model. The local
model describes the shape of the function used ¢a¢h point with the variables for

that model (McCune 2004)
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The dependent variable for all site level analyss the log density of
juvenile coho salmon (number of fish per metertodaan length). This analysis was
not an attempt to define the best habitat for jilesror adults. | recognize that density
is a misleading indicator of habitat quality be@dsnsity depends, in part, on the
length of the pool in which the fish are countedr faveniles, large and long pools in
the lower portion of a watershed will have lesssahle space for juveniles than small
and short pools in the headwaters. So even thdwglatger downstream pool has a
lower density, it may contain higher quality habttaan the pool upstream. In
addition, juvenile coho salmon exhibit territorsghavior so territory size may be a
more accurate tool for measuring habitat qualitsaf@et al. 1998). However, in the
interests of inventorying entire watersheds im@ty manner, only counts of fish in
pools were taken by field survey crews. Descriliiagitat quality based on density
alone may be misleading, but density provides anmeéstandardizing the data
relative to the size of the pool and is usefulfmdels that are attempts to understand

abundance.

Objective Two: Juvenile Coho Patches

The second objective is meant to explore the ghysontext and meaning of
patches of juvenile coho. The spatial autocorretasitructure of juvenile coho salmon
density was generated for each subbasin and eaclugmg variograms. Eleven
subbasins were used in this analysis (Siletz: C&larshine, Rock and Sams Creeks;
Alsea: Drift, Fall, Canal, Lobster Creeks and Ndftrk Alsea, South Fork Alsea and

Five Rivers). In this application, the area of @gtwelation, or variogram range, was
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interpreted to represent the size of patches oedupy juvenile coho. Variograms
were used that included stream network distanceecea pools, rather than
Euclidean distance between pools that is the typiedhod. The code and technique
for using network distances were developed by Gahal. (2005). Also, juvenile
density was detrended for this analysis by usiegésiduals of a regression that
incorporated the distance to the mouth from evitey Bistance downstream was the
variable selected for detrending because the @tioval between distance downstream
and juvenile density was comparable to other ndtwuetrics and has been used by
other researchers doing similar variogram detrep{dersonal communication L.
Ganio, Oregon State University).

The manner in which a stream network branches tnighmportant when
describing patch sizes of juvenile coho salmon.dx@mple, a stream that is more
linear with few tributaries might reflect a differtepattern of occupancy, described by
patch size, than a stream system with multiplesldmgnches that contained branched
tributaries. Therefore, subbasins were clusteraxigroups based on the average
gradient in first through third order streams. Higlgradient low-order streams imply
a steeper geomorphology than lower-gradient loveostieams. This difference in
gradient could result in different shaped basirth waw gradient streams tending
toward a round and more dendritic shape and higtignt corresponding with a
linear topology. A discriminant analysis tested thiee linear and dendritic subbasins

had different patch sizes of juvenile coho salmon.
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Objective Three: Patterns of Juvenile Occupancy in Subbasins

Analyzing juvenile coho salmon occupancy at thebsigin scale was meant to
provide a large-scale context within which patteahsmaller scales might better be
interpreted. Summarizing occupancy at the sublssite also provided an
opportunity to test whether occupancy changed betwears. Further, subbasins
were compared to spawning adult coho salmon ressind precipitation summarized
at the mid-coast regional scale.

Juvenile coho salmon occupancy at the subbasia s@d summarized in a
detailed count of stream kilometers in subbasiaswrere surveyed in at least three of
the four survey years available. This included sesgbbasins in the Alsea River basin
(note: Drift, Canal, Five Rivers, Fall and Lobsteeks, the North Fork Alsea and
South Fork Alsea) and four in the Siletz River hgsiote: Rock Creek, Cedar Creek,
Sams Creek and Sunshine Creek). Visual inspectisrbben identified as a useful
preliminary assessment tool (Torgersen et al. 20®04hbasin maps of juvenile
distribution were examined visually to explore hpmenile occupancy expands or
contracts within the network. An unbalanced repdateasures analysis of variance
(ANOVA - using SAS 9.1 software) tested whether¢heas a difference in subbasin
occupancy over time. In this test, subbasins aserasd to be independent, but
subbasins themselves are correlated through tilmerefore, subbasin forms the unit
of replication.

Juvenile occupancy at the subbasin scale was edleoith respect to two-
large scale environmental conditions that mighiniygortant when exploring juvenile

coho salmon distribution: adult spawning run sa®&] precipitation during spawning.
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In this retrospective analysis, no causal relatiggswere sought. Rather, this part of
the study attempts to incorporate large-scaleiogighips in an interpretation of
network patterns. Adult spawning run size was ehdsr interpretation because |
assumed that more parents would lead to more jlegeriihis might result in wider
network use or different patterns of juvenile dgnd?recipitation was chosen for
interpretation because it has been used as a stgrogasure of streamflow (Swift et
al. 1988). It is possible that in years of highexgipitation, adults might mover further
into the network following higher water levels amdre habitats. Precipitation records
for Oregon's mid-coast were averaged through thetimscof the spawning run

(November through February).

Results
Variable Selection

The results of the correlation analysis was timeestor each year. This could
reflect the similar spatial location of sites betwe/ears. Based on an assessment of
the correlation matrix in each year, the dataseedivork variables was reduced from
eight to four (Table 3.2). The four selected vdealwere stream order, elevation,
mean gradient downstream, and valley width indéveg®n order was selected
because it was not highly correlated with any ottetwork metrics. Mean annual
precipitation was removed because it was correlattddelevation. Intrinsic potential
for coho salmon, gradient of intrinsic potential fmho salmon and total stream width

were removed because all were correlated with rgeadtient downstream. Although
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Table 3.2. Summary of correlation matrix showingngicant correlation relationships
(> 0.60) used in variable reduction from Oregon’sld{@oast region in 1999 (n =
987), 2001 (n = 1288), and 2002 (n = 1416): Halaitet network datasets.

Correlation Values by

year:
Selected
Variable Correlated Variable 1999 2001 2002
Network Dataset
Mean annual
Elevation precipitation 0.81 0.72 0.69
Mean
gradient intrinsic potential
downstream for coho salmon -0.77 -0.76 -0.76
gradient of potential
for coho salmon -0.74 -0.74 -0.74
total stream width -0.77 -0.69 -0.71
Valley width  intrinsic potential
index for coho salmon 0.74 0.69 0.68
gradient of potential
for coho salmon 0.69 0.64 0.64
total stream width 0.72 0.65 0.66
In-Stream Habitat
Wood Count Wood Volume 0.83 0.79 0.71

valley width index was also correlated with theiimgic potential for coho salmon,
gradient of intrinsic potential for coho salmongddntal stream width, it was kept
because it was not highly correlated with meanigradlownstream. The correlation
analysis of the site-specific habitat variablesyaekulted in the exclusion of wood
volume, because of its high correlation with theod@ount (Table 3.2).

Although the correlation analysis was useful idugng variables in the
network dataset, it did not make a significant itun in the number of variables in
the site-specific habitat dataset. However, | optedse five of the seventeen site-

specific habitat variables to represent the el@taset. This selection
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was guided by a PCA and also by the biological irrgpwe of certain physical
features. This variable reduction was an attempi/tod duplication of metrics. The
five representative habitat variables are valleyf¢a categorical variable), water
depth, percent sand, percent gravel, percent uadeank, and number of pieces of
wood. Valley form was meant to encapsulate slop&gds and canopy closure. Percent
sand and gravel represented substrate, whilergitics, cobble, boulder, bedrock
and boulder count were omitted. Also, percent saadsured fine-grained material,
which can be detrimental to juvenile survival toezgence, and gravel measured the
coarse-grained substrate necessary for spawnirits §@uoot and Margolis 1991).
Undercut bank was chosen as an indicator of ache@anel erosion. Number of pieces
of wood was chosen to represent all wood varialmetiding wood volume and key
pieces of wood.

To further reduce the number of instream habiaiables for modeling
purposes, an additional level of variable selectnmorporated a principle components
analysis for each year of data. The results wdferdnt for every year (Table 3.3 for
network dataset and Table 3.4 for instream hab#atpny variable that was identified
throughout the four years was included in the flishlof network and instream
variables to be used for modeling. These variab® chosen for modeling because
they were important in describing the variatiomabitat for these two datasets over
the four years of study data (network variablestatice to summer pools, distance to
spawning habitat, distance to rearing habitat, QrEléobasin, valley width index and
mean gradient downstream; in stream variableseydiirm, percent gravel, percent

sand, undercut and number of pieces of wood).
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Table 3.3. Principle components analysis resultsites in Oregon’s Mid-Coast in
1998, 1999, 2001 and 2002 using a dataset of ‘asiaescribing network
relationships.

Percent Cumulative Broken- Dominant
of Percent of stick Variables in
Year Axis Eigenvalue Variance Variance Eigenvalue Eigenvector
1998 1 2.342 33.451 33.451 2.593 Distance to summer
pools; Distance to
spawning
2 1.51 21.575 55.026 1.593 Order
1.078 15.407 70.433 1.093 Subbasin
1999 1 1.61 26.88 26.88 2.45 Order; Valley
width index
2 1.36 22.62 49.50 1.45 Mean grad
downstream
3 1.31 21.81 71.31 0.95 Distance to rearing
2001 1 2.06 34.26 34.26 2.45 Distance to
spawning; Distance
to rearing
2 1.46 24.39 58.65 1.45 Mean grad
downstream
3 1.09 18.22 76.78 0.95 Valley width index
2002 1 2.11 35.20 35.20 2.45 Distance to
spawning; Distance
to rearing
2 1.48 24.73 59.93 1.45 Mean grad
downstream

3 1.11 18.41 78.34 0.95 Valley width index
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Table 3.4. Principle components analysis resultsites in Oregon’s Mid-Coast in
1998, 1999, 2001 and 2002 using a dataset of ‘asiaescribing instream habitat

conditions.
Percent Cumulative Broken- Dominant
of Percent of stick Variables in
Year Axis Eigenvalue Variance Variance Eigenvalue Eigenvector
1998 1 1.854 26.491 26.491 2.593 Valley form
2 1.292 18.463 44,954 1.593 Percent gravel
3 1.121 16.019 60.973 1.093 Undercut
1999 1 2.07 29.50 29.50 2.59 Percent sand;
Percent gravel
1.23 17.62 47.12 1.59 Undercut
1.01 14.44 61.55 1.09 Number wood
pieces
2001 1 1.99 28.40 28.40 2.59 Percent sand
1.24 17.74 46.14 1.59 Valley form
3 1.06 15.10 61.24 1.09 Number wood
pieces
2002 1 2.14 30.60 30.60 2.59 Percent sand
1.26 17.93 48.53 1.59 Valley form
3 1.12 15.96 64.50 1.09 Number wood

pieces

Objective One: Site Scale Patterns

Objective one incorporated stream network metrnitsan analysis at the site

scale. This process explored the usefulness amtreetwork metrics and how they

contribute to an understanding of habitat use bgnile fish in the context of their

diverse life history (Groot and Margolis 1991) @ehaviors (Chapman 1962, Nielsen

1992). Before exploring network metrics directlyested the subbasins to see if

juvenile density or habitat configurations changetbss years.
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Table 3.5. ANOVA results examining juvenile cohamsi¢y and
subbasins in Oregon’s Mid-Coast region over time.

Log Juvenile Coho Density ~
Year + subbasin + year*subbasin + downdist

Effect df F Value Pr>F
Year 3 35.82 < 0.0001
Subbasin 6 13.2 < 0.0001
Year*subbasin 13 18.8 < 0.0001
Downdist 1 15.15 0.0001

Test of whether there were significant differenicegivenile
coho density within individual subbasins over aafli¢ years

Subbasin df F value Pr>F
Cedar 2 18.05 < 0.0001
Upper Drift 2 35.99 < 0.0001
Five Rivers 2 6.85 0.0011

Rock 3 54.08 < 0.0001
Sams 2 6.46 0.0016
S.F. Alsea 2 26.39 < 0.0001
Sunshine 3 21.96 < 0.0001

Analysis of Variance (ANOVA) results indicated thlaere was a subbasin-by-
year effect in the densities (p-value < 0.001) (@&bh5). This means that juvenile
density changes within subbasins in different wagy®ss years. The ratio of change
between these years varied by subbasin with sobigasins showing lower densities
between years (ratio > 1.0) and some subbasinshigtier densities (ratio < 1.0)
(Table 3.6). Sunshine Creek was the only subbasivhich 1998 had a higher density

relative to later survey years (1998 to 1999 rati.6132, 1998 to 2001 ratio =
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Table 3.6. Pairwise comparisons of the differemcgvenile coho density between

years for each subbasin.

Start Start

Year Subbasin  To Year To Subbasinbt lower Ratio br upper
1998 Five Rivers 2001 Five Rivers 0.0738 0.1829 0.4523
1998 Five Rivers 2002 Five Rivers 0.1320 0.3233 0.7913
1998 Rock 1999 Rock 0.2759 0.6882 1.7169
1998 Rock 2001 Rock 0.0020 0.0129 0.0334
1998 Rock 2002 Rock 0.0036 0.0094 0.0243
1998 S.F. Alsea 2001 S.F. Alsea 0.0283 0.0608 0.1308
1998 S.F. Alsea 2002 S.F. Alsea 0.1203 0.2345 0.4574
1998 Sunshine 1999  Sunshine 11.02524.6132  54.9477
1998 Sunshine 2001  Sunshine 3.50057.3161  15.2905
1998 Sunshine 2002  Sunshine 1.8910 3.8349 7.7646
1999 Cedar 2001 Cedar 2.909313.8146  65.5982
1999 Cedar 2002 Cedar 0.1764 0.8007 3.6336
1999  Upper Drift 2001  Upper Drift 0.0213 0.0448 0.0870
1999  Upper Drift 2002  Upper Dirift 0.0629 0.1281 0.2609
1999 Rock 2001 Rock 0.0074 0.0188 0.0480
1999 Rock 2002 Rock 0.0054 0.0137 0.0349
1999 Sams 2001 Sams 0.1220 0.2587 0.5486
1999 Sams 2002 Sams 0.1874 0.3944 0.8398
1999 Sunshine 2001  Sunshine 0.13100.2972 0.6744
1999 Sunshine 2002  Sunshine 0.0706 0.1558 0.3436
2001 Cedar 2002  Cedar 0.0223 0.0580 0.1503
2001 Upper Drift 2002  Upper Dirift 1.3429 2.8559 6.0864
2001 Five Rivers 2002 Five Rivers 0.7740 1.7698 4.0467
2001 Rock 2002 Rock 0.2757 0.7265 1.9161
2001 Sams 2002 Sams 0.7384 1.5245 3.1474
2001 S.F. Alsea 2002 S.F. Alsea 1.8075 3.8551 8.2221
2001 Sunshine 2002 Sunshine 0.2542 0.5242 1.0808
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7.3161, and 1998 to 2002 ratio = 3.8349). CedaelCveas the only subbasin with a
higher density of juvenile coho in 1999 than in 2@tatio of 13.8146). With the afore
mentioned exceptions of Sunshine and Cedar Cra#lssjbbasins had higher density
between years from 1998 through 2001. However, &&tm2001 and 2002 several
subbasins had increasing densities of juvenile saltrmon while others had
decreasing densities. Drift Creek, Five Rivers, S&eek and the South Fork Alsea
all had higher densities in 2001 than in 2002. €ddack and Sunshine Creeks had
higher densities in 2002 than 2001 (Table 3.6).

The principle components analysis indicated thatariation in the habitat
characteristics was portioned similarly each ygaf.998 and 1999 the set of habitat
variables that dominate axes 1, 2 and 3 are gsjigliflierent in both the network and
instream datasets, with 2001 and 2002 appearindyndantical (Tables 3.3 and 3.4).
The network variables of distance to summer pabsdance to spawning habitat,
distance to rearing habitat, order, subbasin, yallelth index and mean gradient
downstream dominated one of the first three pca axat least one year of data. From
the instream dataset, valley form, percent sanatgpé gravel, undercut and the
number of pieces of wood dominated one of the finste pca axes in at least one year
of data.

The explanatory ability of the network and insiredatasets, independently
and together, in describing the abundance of jue@aho salmon was explored using
a local-mean, non-parametric multiplicative regi@s¢LM-NPMR) process. The best
model for each dataset was selected by a compasfsenvalues and model fit in

graphs of residuals and estimated values. In exeay the best network models (1998,
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Table 3.7. Local-mean non-parametric multiplicatiggression model results for
1998, 1999, 2001 and 2002 for sites in Oregon’s-Bkdst region. The dependent

variable is log juvenile coho density.

Year Variable set R Variablel Variable 2 Variable 3  Variable 4
1998 Network 0.3624 Subbasin Distanceto  Order Mean gradient
Variables rearing downstream
habitat
Instream 0.0594 Valley Percentsand Percent Wood pieces
Variables Code gravel
Instream and 0.3896 Subbasin Wood pieces Order Mean gradient
Network downstream
Variables
1999 Network 0.1716 Order Valley width ~ Subbasin
Variables index
Instream 0.1178 Percent Percent Undercut Wood pieces
Variables Sand gravel
Instream and 0.2345 Distance to Mean Valley Subbasin
Network rearing gradient code
Variables habitat downstream
2001 Network 0.2571 Distance to Mean Distance to
Variables spawning  gradient summer pools
habitat downstream
Instream 0.151 Valley Percent Undercut  Wood Pieces
Variables Code sand
Instream and 0.2873 Percent Distance to Mean gradientDistance to
Network Sand spawning downstream summer pools
Variables habitat
2002  Network 0.2433 Distance to Mean Distance to Subbasin
Variables rearing gradient summer pools
habitat downstream
Instream 0.105 Valley Percent Percent  Undercut
Variables Code sand gravel
Instream and 0.2861 Valley Undercut Distance to Subbasin
Network Code rearing habita

Variables
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R?=0.3624; 1999, &= 0.1716; 2001, R= 0.2571; 2002, &= 0.2433) had higher
explanatory power than the best instream modeBg1& = 0.0594; 1999, &=
0.1178; 2001, R= 0.1510; 2002, &= 0.1050) for the log of juvenile density. Models
from the combined dataset in each year had a Bfiglgher explanatory power than
the network models (199872R 0.3896; 1999, &= 0.2345; 2001, R=0.2873; 2002,
R?=0.2861). Because the network and combined mddels such similar Rvalues
neither sets of models may be deemed better tleaotkter.

Variables selected in LM-NPMR varied for each yaad dataset (Table 3.7).
In the network dataset, the variables subbasstanice to rearing habitat, distance to
spawning habitat, distance to summer pools, meatigmnt downstream and stream
order were present at least once. In the instresntdt dataset, the variables percent
sand, percent gravel, wood pieces, valley codeuadédrcut were present at least
once.

A discriminant analysis (DA) was conducted to tesether the observation of
increasing or decreasing density ratios within ssiis between 2001 and 2002 could
be tied to stream network or instream charactesisihe DA found a statistically
significant division between these two clusterbath datasets (Hotelling’s T-Squared
value of < 0.001 for both datasets) (Table 3.8 Tdg of juvenile density, coded for
increasing or decreasing subbasins, was graphicediglaid on the network and
instream PCA ordinations for 2002 (a PCA for 20G#swsed because the PCAs for
2001 and 2002 were nearly identical). There appetarée little differentiation
between subbasins with increasing or decreasirgnjlezdensity in the instream

dataset (Figure 3.4). However, there appeared todmmarcation between these two
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clusters of subbasins in the network dataset aloadrst axis, which predominately
represents the juxtaposition variables of distan@awning and distance to rearing
(Figure 3.5). This is visible in the graph as thenping of grey and black triangles

(sites) into two groups along the gradient of tin&t faxis.

Objective Two: Patches and Basin Shape

Variograms were generated in order to comparsphagal clumping pattern
exhibited by the log of juvenile coho salmon dengitetrended with the variable
distance downstream) in the stream network amohgasgins over time (Appendix
3.2). The robust variograms allow for the estimatd the interval (estimated
variogram range) in which survey points exhibittsgdautocorrelation. Because the
range was estimated, it included an unquantifianteunt of error. Therefore, no
rigorous statistical tests were completed using ithetric as a dependent variable.
However, this metric may be summarized graphic&kamining the graph of
variogram range size per year in each subbasicateti that range tends to change
within subbasins among years (Figure 3.6). In &lilithe estimated variogram range
size appears to be smaller in small subbasins cadpa larger subbasins. Variogram
shape also appeared to change as watershed ameaseat with a small “hump”
appearing low in the variogram of larger watersh@&ilgure 3.7). This “hump” pattern
is present in at least one year for six of theatesubbasins in this analysis (North
Fork Alsea, Upper Drift, Rock and Lobster Creeksuth Fork Alsea and Five

(Figure 3.8). The shapes of the subbasins in tme with lower average gradients
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Table 3.8. Discriminant Analysis results for twassef analysis of groups in
subbasins of Oregon’s Mid-Coast: groups of sublsasientified as increasing or
decreasing juvenile coho density (between 2001280&); groups of subbasins
classified as linear or branched in shape.

Hotelling’s Variable
T- Squared  Group Category  Variable List
<0.001 Increase or  Habitat Percent sand; Percent gravel; Undercut;
Decrease Wood pieces; Valley code
<0.001 Increase or  Network Distance to spawning; Distance to
Decrease rearing; Distance to summer pools;
Order; Mean gradient downstream,;
Valley width index
0.53 Linear or 1998 Area; Stream km occupied by juvenile
Branched coho; Number of streams occupied by
juvenile coho; Juvenile coho count;
Range size
sample size Linear or 1999 Area; Stream km occupied by juvenile
too small Branched coho; Number of streams occupied by
juvenile coho; Juvenile coho count;
Range size
0.82 Linear or 2001 Area; Stream km occupied by juvenile
Branched coho; Number of streams occupied by
juvenile coho; Juvenile coho count;
Range size
0.7 Linear or 2002 Area; Stream km occupied by juvenile
Branched coho; Number of streams occupied by
juvenile coho; Juvenile coho count;
Range size

appeared more rounded and branched than the sobléth higher average
gradients. Therefore, two cluster groups of braddred linear subbasins were
identified. Discriminant analysis of the two bashmape clusters for 1998, 1999, 2001
and 2002 incorporated network summary informatiachsas area, stream kilometers

occupied by juvenile coho, number of streams o@diply juvenile coho, total
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Figure 3.4. Principle Components Analysis grapB@32 habitat dataset displaying
the number of pieces of wood with subbasins ofdasing or decreasing juvenile
density (between 2001 and 2002) as an overlay. Ematyle corresponds with a
specific pool and the size of the triangle represére relative number of pieces of
wood associated with each pool. The x-axis is agsmta gradient of greater to
smaller percentages of fine substrate materiakla@g-axis is associated with smaller
to greater percentages of coarse substrate material

smaller <«—— Percent gravel —> greater

PCA 2002 Habitat Variables

bR

greater «——— Percent sand ———» smaller

& Decrease
Increase

Size of triangle
corresponds to the
number of pieces
of wood.

juvenile coho counted and estimated variogram ramge None of the DA resulted in

statistically significant differentiation betweeadin shape clusters (Table 3.8).

Objective Three: Subbasins and Juvenile Network Occupancy

Stream occupancy descriptors such as stream Kiéosneccupied and number

of streams occupied per year were summarized fdr gabbasin (Table 3.9). An

unbalanced repeated measures ANOVA was used tevhesher subbasin occupancy

changed similarly over time within and among subismslhere were statistically
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Figure 3.5. Principle Components Analysis grapB@32 network dataset displaying
distance to spawning habitat with basins of indreper decreasing juvenile density
(between 2001 and 2002) as an overlay. Each tearggkresponds with a specific pool
and the size of the triangle represents the measlistance to spawning habitat
associated with each pool. The x-axis is associatdéda gradient of smaller to larger
distances between seasonal habitats while thesyragresents a continuum of mean
gradient downstream.

PCA 2002 Network Variables

a Decrease
Increase

Size of triangle
corresponds to
distance to
spawning.

greater <—Mean gradient downstream—> smaller

smaller -«— Distance to spawning — greater
smaller «—— Distance to rearing —» greater

significant differences in juvenile coho salmon wgancy among years (p < 0.001, df
= 3, F value = 9.19) and also among subbasinsmtiars (p < 0.001 with

Bonferroni correction of alpha level to 0.0125) I§lea3.10). With a Tukey-Kramer
adjustment, differences in subbasin occupancy letwears were statistically
significant (p-value < 0.05) for three pairs of §@€1998 to 2002 adjusted p = 0.0169;
1999 to 2001 adjusted p = 0.0081; 1999 to 2002s#eljup = 0.0021) (Table 3.11).

After Torgersen et al. (2004), a visual inspectdsubbasin maps (Appendix 3.3)



78

Figure 3.6. Juvenile coho salmon patch size (estidwariogram range) for 1998,

1999, 2001 and 2002 in subbasins of the Alsea datk River basins. The subbasins

are listed from smallest to largest.
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was completed to suggest further analysis or iné¢aion. The patterns of juvenile

coho salmon distribution in the maps of networkupancy imply that when higher

numbers of stream kilometers are occupied, theilligion of juvenile coho salmon

moves into the headwaters, while lower numberdrem kilometers occupied has

the reverse effect (Figure 3.9).
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Figure 3.7. Variograms for subbasins in Oregon’d¥@past (in each year available
between 1998 and 2002) with arrows pointing to “pushape that is common in
larger basins and may be associated with a negtg@isautocorrelation structure.
Lines show the upper and lower bounds of a 95%idente interval.
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Figure 3.7. Continued.
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Figure 3.7. Continued.
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Figure 3.7. Continued.
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Figure 3.7. Continued.
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Figure 3.7. Continued.
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Figure 3.8. Dendrogram showing two clusters of sisbis described as branched or
linear in shape due to their geomorphology.

e

Sunshine Rock MF Alsea SF AlseaFive Rivers

Canal Lobster

The patterns of juvenile coho salmon stream oaocypan the subbasins of the
Alsea and Siletz appear similar to pattern of ttheltsspawning run size for the entire
Mid-Coast region. Adult spawning run sizes increlassveen 1997 (parents of 1998
juveniles) and 2001 (parents of the 2002 juveni|Egure 3.10). Subbasin occupancy
summary information shows an increase in the nurabstream kilometers occupied
during this time period in most basins. Fall, LassSams, and Sunshine Creeks
showed increases and decreases in occupancy areargrather than a consistent
increase (Table 3.9). Also, in all basins exceptsBine Creek, the number of
kilometers occupied by juveniles increased betwafil and 2002. Precipitation
during the spawning run time for the entire midstoaas the highest in 1998 and

lowest in 2000 (Figure 3.10).
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Table 3.9. Summary table showing number of sitesipied, total number of sites
surveyed, juvenile coho count, number of streanesigied and stream miles occupied
for the 11 subbasins of interest in Oregon’s Mica§iaegion.

# Sites # Sites # Juvenile # Streams Stream (km)

Alsea Basin Year Surveyed Occupied Coho Occupied  Occupied
Canal Creek Basin 1998 90 88 1082 4 11.806
(32.964 km) 2001 135 85 2753 8 14.244
2002 156 130 2588 9 18.121
Fall Creek 1998 127 86 1134 7 17.620
(71.80 k) 2001 108 63 2113 5 16.234
Hatchery in mid-basin 2002 107 58 1057 6 17.185
NF Alsea 1998 186 112 1461 6 19.125
(73.532 km) 2001 195 135 3483 11 24,793
Below hatchery 2002 277 198 4607 15 29.027
Upper Drift Creek 1999 328 231 2990 16 28.351
(79.66 kn) 2001 267 234 19162 13 30.728
2002 308 308 10919 15 40.446
Lobster Creek 1998 476 313 4010 17 41.488
(143.71 km) 1999 389 257 2499 18 29.788
2001 411 351 12033 23 60.934
2002 487 431 13279 22 65.795
SF Alsea 1998 230 107 350 7 94.555
(158.79 kn) 2001 189 138 1825 7 107.317
2002 268 216 3086 10 115.741
Five Rivers
(299.95 km) 1998 648 474 5332 25 62.596
1999 data excluded
uneven coverage with 2001 632 501 18808 33 81.465
other years 2002 922 756 18782 48 97.460
Siletz Basin
Cedar 1999 16 10 84 1 4.328
(33.44 knd) 2001 83 67 4074 4 14.245
2002 121 81 2029 5 17.551
Sams 1999 283 202 2194 10 15.708
(37.71 k) 2001 233 200 8826 10 14.678
2002 303 269 8841 10 18.956
Sunshine 1998 138 102 2352 6 13.673
(77.0 knd) 1999 85 54 470 4 7.896
2001 173 133 5515 9 16.423
2002 175 134 6360 7 13.13
Rock Creek 1998 239 103 601 8 21.448
(104.72 kn) 1999 239 93 789 8 28.442
2001 267 184 6378 13 34.852

2002 295 224 3902 10 38.999
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Table 3.10. Unbalanced repeated measures ANOVAubbasins in the Alsea and
Siletz Basins that tested for differences in lsgsiares means of the number of stream
kilometers occupied by juvenile coho between 19882002.

Juvenile Coho

Salmon Mean Confidence
Year Occupancy (km)  Standard Error  Interval
1998 30.76 9.43 11.20 - 50.32
1999 27.83 9.53 8.06 - 47.60
2001 37.86 9.35 18.48 - 57.24
2002 43.00 9.35 23.62 - 62.38

Table 3.11. Unbalanced repeated measures ANOVAubasins in the Alsea and
Siletz Basins that tested for differences in legstares means in the number of stream
kilometers occupied by juvenile coho salmon betwgsars from 1998 and 2002.

Juvenile Coho Tukey-
From Salmon Mean Standard t- Kramer
Year To Year Occupancy (km) Error df value Adjusted P
1998 1999 2.9314 3.2622 22 0.9 0.8056
1998 2001 -7.0982 2.941 22 -241 0.1038
1998 2002 -12.233 3.7361 22 -3.27 0.0169
1999 2001 -10.03 2.7881 22 -3.6 0.0081
1999 2002 -15.164 3.6282 22 -4.18 0.0021
2001 2002 -5.1346 23522 22 -2.18 0.1592

Discussion

Patterns of juvenile coho abundance, distribuéiod occupancy were
analyzed at three spatial scales that incorpotadents of stream network structure
in variables or statistical analyses. The analysi$ synthesis of these scales provides

an opportunity to consider the complex populaticolegy of coho salmon.
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Figure 3.9. The series of Canal Creek maps (la d)cshow an increase in juvenile
network occupancy upstream from 1998 to 2002 whilashine Creek (2a-2d) shows
variation in network occupancy including a decraasaccupancy between 1998 and
1999 and 2001 and 2002.

la. Canal Creek 1998

@ Present
O Absent

1c. Canal Creek 2001 1d. Canal Creek 2002
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Figure 3.9. Continued.
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Figure 3.10. Number of coho salmon spawners in @rsgVid-Coast and
precipitation during the spawning run (October tlyio March).
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Objective One: Site Scale

Site-scale analysis allows for the exploratiotogal habitat conditions that
may be important for individual fish. Results shihat juvenile density changes
among years within subbasins, but the core compiéofestream habitats occupied
by juvenile coho salmon remains similar over tiffileis means that while juvenile
density may change over time, the fish tend to pg¢he same types of habitat
presumably in the same portions of the stream m&twaoveniles appear to have high
site fidelity (Bell et al. 2001) and occupancy im#gar habitats in the network is
consistent with the tendency of the majority of léglto home to their natal habitats to
spawn (Labelle 1992). Site scale analysis highéighhe relevance of a stream
network framework in exploring juvenile coho salnaemsity. Although the overall
explanatory power of models using the instreametwark datasets individually or

together was low, even for ecological datasetsyomt variables were consistently
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useful in each year. Clearly, other variables Wate not captured in this analysis
explain most of the variation in the juvenile cadamon dataset. These might include
micro habitat variables, intra and inter-speciésrarctions, food availability and
predation. The low explanatory power of the modelsld also be due to the ability of
juveniles to exploit a wide variety of pool hab#aas is consistent with the diversity
of their behaviors (Nielsen 1992). However, itngportant to note that the spatial
arrangement or topology of stream habitats has bleewn to be helpful in
assessments of habitat quality in other speciesweglet al. 2003) and explains the
density patterns of juvenile coho salmon at least@ll as instream habitat metrics.

Juvenile coho salmon density might have been aé&gddo increase or decrease
in synchrony across subbasins as each subbasomaegpto the same set of
environmental conditions such as rainfall. Indgedenile density appeared to
increase or decrease relatively consistently agreass within subbasins except
between 2001 and 2002. The lack of consistenchamges of juvenile coho salmon
density among subbasins between 2001 and 200&iguing and led to an
investigation that pointed to network variablesparticular habitat juxtaposition
variables, as a possible difference between sutbasiving opposite variation in
juvenile density between 2001 and 2002. This swdgsults imply that in some years,
juvenile density is higher in watersheds with clpsaximity among important
seasonal habitats. This interpretation is suppditeldocik and Ferreri (1998) who
found that the productivity for Atlantic salmofa{mo salar) depends on the

proximity of the array of habitats necessary fesshwater spawning and rearing.
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Dynamic stream conditions include disturbancenate and physical habitat,
and mean that different sets of habitats or egtuldferent subbasins may be most
hospitable for juvenile coho salmon over time (Resest al. 1995, Quinn and Peterson
1996). | suspect a difference in a large scalerenmental condition that may have
made subbasins with a large distance between sadsaitats a greater impediment
to juvenile survival in 2002 compared to 2001. @nssible difference could be
related to streamflow during emergence. Stream femgls have been shown to effect
juvenile abundance in other stream fishes (Schitd€&5). For salmonids, higher
flow could possibly scour redds (Montgomery etl®99) reducing survival to
emergence. Also, high streamflow could impair mogatof juvenile coho that are
less adapted to high velocity environments thaerasalmonids (Bisson et al. 1988).
Therefore, moving from spawning beds to summelimggrools could be more
difficult under high flow conditions in subbasimswhich the proximity between
seasonal habitats is great. Unfortunately, predipm and streamflow measures which
would be necessary to test this hypothesis weravatable for individual subbasins.
Another, simpler reason for the differences in juleenumbers between 2001 and
2002 could be that lower numbers of spawning adattgned to some of the
subbasins thereby creating fewer progeny to betedun the following summer.
Unfortunately, detailed spawner estimates at thasin scale that track spawner
occupancy patterns are not available. Further relsehat tracks adult spawner
counts, streamflow, and precipitation at a subbssate is necessary to fully
understand the implications of habitat topology attdam conditions on juvenile

coho salmon density and survival.
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Objective Two: Patch Scale

Salmonids, like other species, are not randondiriduted across the
landscape (Dunham et al. 2002). Coho salmon asxoeption and individuals are
found in patches that may correspond with behawitra and interspecies
interactions, predation or habitat. Habitat is mféssociated with environmental
gradients such as elevation or a hierarchy of destganization such as stream order.
Understanding how and why individuals are distioubn the landscape may
contribute to ecological knowledge about habitafgnences and survival thresholds
across spatial scales (Peters et al. 2006). Tkeo$ithe area within which measures of
juvenile coho salmon are correlated might help @xypthe spatial structure of the
stream network as it is interpreted by juvenilé fi§his structure in turn may inform
interpretations of population dynamics at multippatial scales.

The spatial extent of autocorrelation within tkream network was measured
using variograms of juvenile coho salmon densibytolling for spatial network
position. Results indicate that there are diffeesnia estimated variogram range, or
patch size, among years both within and acrossasiid It also appears that subbasin
area may be related to patch size. While it isitinithat smaller subbasins might
have smaller clusters of juvenile coho salmon, suthbservation has not been
qguantified before. Small subbasins tended to headler patch sizes than larger
subbasins, and larger subbasins exhibited sympodmeasting. Patch size could
represent the neighborhood of habitats accessldegtoup of interacting juvenile
coho salmon. Therefore, patches may corresportetpredominant range of

movement for juvenile coho salmon between availablatats in a particular stream



94

system. The similarity and variation in patch simstified in this study may support
the definition of a patch as a grouping of juvemibdo salmon around available
habitats within the stream network.

In site-scale analysis, the topology or orientatd habitats appeared to be an
important distinction among subbasins when expipdnanges in juvenile density. It
would be reasonable to assume that more habi@@varlable in a larger stream
network and that juveniles may move further amoagjtiats in larger systems. This
could correspond to larger range sizes in biggebasins, as was found in this study.
However, other research indicates that juvenileocgdimon tend to access locally
available habitats within their natal stream systeBell et al. (2001) showed that
juvenile coho salmon exhibit high site fidelityoff-channel habitat during winter
floods. Also, Lonzarich et al. (2000) found thapiool- riffle habitat sequences, fish
will move out of pools adjacent to short riffles radhan from pools adjacent to long
riffles. Therefore, the hierarchical organizatiorddarger patch sizes in larger
subbasins could correspond to overlapping patchgwenile coho salmon rather than
a cohesive group of fish and habitats. Furtherangpion of patch size and area is
necessary to more fully describe and identify th@@gical significance of variogram
range sizes.

| speculated that basin shape could influencgd#tiern of juvenile coho
occupancy reflected by patch size. Basin shapeswg@lered by clustering watersheds
based on the average gradient of low-order stréanaentify two distinct groups.

The shape of the watersheds with low gradient hatete appeared to be rounder

(branched) than the shape of watersheds with higfaglient headwaters (linear).
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However, the patch sizes of juvenile coho that viéeetified using variograms were
not different between the two shape groupings tassible that this dataset did not
contain enough variation in geology or geomorphgplmgdetect differences in
juvenile coho salmon patch size between basin stlapters. Unpublished research
conducted by Christian Torgersen (2006 personahzanication, USGS, Seattle,
Washington) links patch sizes of coastal cutthtamatt (O. clarki clarki) with
underlying geology across a large region. Furtbsearch across a larger regional
frame incorporating different underlying geologitusture is necessary to more fully
explore the question of watershed shape and peteb sf juvenile coho salmon.
What can be deduced from the results of the pauelhysis is that juvenile
coho salmon patch sizes change across years, angraa shapes suggest that larger
watersheds include multiple scales of patchinegsvienile coho salmon abundance.
Such differences in spatial arrangement betweel amé large watersheds imply the
need for different management expectations basedbtershed size. While larger
watersheds may indeed produce more fish, the nestacture of spatial
autocorrelation could mean that the relationshigvben watershed size and fish
numbers is not linear. This implies that comparssohpatch and fish population sizes

should be done among basins of similar size.

Objective Three: Subbasin Scale
The convergence of life history stages in pattefrjavenile occupancy
informs an interpretation of population procesdab@subbasin scale. The number of

stream kilometers occupied by juvenile coho salmtoime subbasin scale increased in
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7 of 11 subbasins between 1998 (or 1999) to 206. Jarallels the trend of
increasing mid-coast spawning adult runs duringe¢hgears. However, some
subbasins did not show steadily increasing numtiesream kilometers occupied as
the spawning run size increased. Because accuwatgscof spawning run sizes and
distributions at the subbasin scale are unavailalg@nnot discern whether some
subbasins simply had spawning run sizes that dignadch the overall mid-coast
trend. Therefore, greater variability in run sitest the subbasin scale could
correspond with the lower numbers of kilometersupoed by juveniles that were
observed in other basins. What is discernableeastifbbasin scale is that there is
greater variation within and among subbasins auwes tn the amount of stream
kilometers occupied by juvenile coho salmon thaiousd in the overall size of the
adult spawning run. Increasing variation couplethwmaller spatial extents has been
established in other studies (i.e., Wimberly eR@D0). Further research that includes
the collection of accurate estimates of preciptatadult spawning run size, and
streamflow at the subbasin scale would allow f@atgr discernment of the
interrelationship between life stages that maynberpreted from patterns of stream
network occupancy by juveniles.

Maps of individual subbasins showed that wherastraetwork occupancy
was high, juvenile coho were found upstream inhs@dwaters, while in years of low
stream network occupancy juvenile coho salmon wahg lower in the subbasin. In
seven of the eleven subbasins assessed, occupanoyehile coho salmon seemed to
increase and decrease in relation with adult spavumesizes in the entire mid-coast

over the 5 years of this study. It appears theat,iththese subbasins, it is possible that
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more spawning adults resulted in a greater podfdhe stream network occupied by
juvenile coho salmon. This connection may be udefuhssessments of juvenile
occupancy patterns.

How juvenile coho salmon come to occupy locatiomsor high in the stream
network is an important question. If the patterjueknile occupancy reflects the
spawning location of their parents, then | canrpret the coupling of adult spawner
abundance and juvenile coho stream network occyganguggest that more
spawners use more stream kilometers for spawnerg;d) more stream kilometers are
occupied by juvenile coho salmon. If this is theesahen when adult runs are low,
spawning occurs successfully in lower stream regcereflected by lower juvenile
network occupancy. It is also interesting to nbeg higher numbers of stream
kilometers occupied by juveniles does not appeaetoonnected to higher
precipitation during the parental spawning rurth# location of spawning adults helps
define the upper distribution of juvenile coho safmthen this observation could
mean that adults are not necessarily moving higharstream network with high
water during the spawning run, but are respondrgpmething else. Isaak and
Thurow (2006) found that in years of low abundar@@nook salmon@.
tshawytscha) spawned in specific core locations, expanding other areas as their
abundance increased. | speculate that in yeamswodbundance, adults did not return
to their natal stream beds further up the networdrder to spawn. Perhaps access to
available spawning partners that could be founcelow the stream network was a

more important consideration for spawning adulgtmigration further upstream.
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Synthesis Among Scales

Salmonid population ecology identifies a wide gariof behavioral
mechanisms of both adults and juveniles that leddish cope with dynamic
environmental conditions (Reeves et al. 1995). Soewels for survival of coho
salmon, such as spawning gravels, summer poolsvandr habitat have few
substitutes. However, individuals may modify tHaehavior to take advantage of
current stream and environmental conditions. Isaak Thurow (2006) used
continuous replicate surveys of stream networks weears to describe patterns in
Chinook salmon redd distributions in Idaho. Thetedained that core spawning
areas were important in years of low and high aallindance, but maintaining
additional spawning areas in the network was ingydrin years of varying
environmental conditions. Location in the streartwoek becomes a critical
contextual consideration for the successful fuiféht of specific life history needs.

In this study, physical evidence of coho salmonaveoral diversity and
responsiveness to current population and enviroteheanditions was found in the
form of network habitat topology and juvenile ocanpy patterns across multiple
subbasins. Schlosser (1995) identified the impo#dant large scale landscape
conditions and the presence of refugia as poténtraportant considerations of fish
population dynamics. These two considerations apple@levant in this study when
all three spatial scales are considered. Site sitfi¢gences in juvenile density among
subbasins were connected with the juxtapositiomesessary seasonal habitats and
network variables were found to be important in elody juvenile density. Patch

sizes of juveniles varied with subbasin and ye#&h potential nesting of juvenile
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clusters in larger subbasins. This makes netwonkectivity and subbasin size
important contextual considerations for juvenilemopulations as individuals seek
necessary seasonal habitats. Further, subbasipacy patterns of juvenile coho
salmon support the idea that the location of h&bisanot an obligate consideration
for spawning adults. Rather, adults may take adgnof habitats with reference to
the annual conditions in which they find themselves

An analysis of many subbasins with several spatales highlights
complexities in juvenile coho salmon density andupancy. The observed diversity
of site scale instream habitat topology and occopai the subbasin scale may be
important in considering the survival and adaptgbdf coho salmon populations.
Large scale variability has been shown to influeiheecapacity of streams to produce
brook trout (Kocovsky and Carline 2006). The sitals observation that several
subbasins had either decreasing or increasing ilevaéensity between 2001 and 2002
is made more interesting when the observationeastibbasin scale of an almost
universal increase in stream kilometers occupi¢déxen these two years is noted. If
stream occupancy is associated with spawning ae gien it may be possible that
the site scale observation of decreased densityimei@gd be related to differential
survival of juveniles. In this case, the identifioa of juxtaposition variables as
important in differentiating between subbasins vimitreasing or decreasing coho
density shows the influence of habitat topologysarvival even in a region of similar

topography.
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Conclusions

There is more to an assessment of habitat thgplesicalculations of habitat
area and amount. The spatial arrangement of haltagughout the year and the
accessibility of habitats appear to be importardascribing distribution and
abundance of juvenile coho salmon. In particulanstdering the spatial arrangement
of habitats and patches of juvenile coho salmonigeal a spatial context for the
interpretation of multiple spatial scales that esgnt different population and
environmental processes. Juvenile patterns of n&taaupancy appear to depend on
site-specific habitat, the proximity of necessagsonal habitats, adult dispersal
through the spawning grounds and spawning run Aitef these factors work
together to create the patterns of occupancy tieablaserved in the stream network.
Ecological analysis that incorporates multiple gpatcales and processes may inform
management actions that are intended to presemesiare populations of coho
salmon. Management actions that consider the el&gionships between life history
stages, habitats, and movement within the stredamwonle may be more effective at
maintaining the complex habitat configurations mseey for the persistence of
populations of coho salmon.

The varied response of juvenile coho salmon tactmplexity and diversity of
stream habitats was mirrored in patterns of occepand density across spatial
scales. The stream network became an importanthemsgh which to view juvenile
density and provided connectivity of interpretatamross scales. Site-scale analysis
that identified the importance of juxtapositioniates informed the interpretation of

possible definitions of patch sizes at the subbssitte. Complex subbasin patterns of
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juvenile coho salmon occupancy were shown to vattyizvand among subbasins
over time and suggested the importance of theditee adult spawning run.

Integrating the context of the stream network emalysis at multiple spatial
scales included an important dimension of the emvirent in which coho salmon
evolved, and juvenile fish must survive. The rivagge in which coho salmon must
endure includes a diversity of habitats with vagedductivity and connectivity
among years and environmental conditions. Ultinyatéle persistence of coho
salmon depends on access to multiple, diverse @maected habitat. Salmon evolved
the ability to embrace the diversity of habitats @nvironmental conditions that
naturally occur in the Pacific Northwest. This aiddylity is how they have coped
with the frequent disturbances and the inconsigpatvning and rearing conditions
that are present around the Pacific Rim.

Management strategies that fail to consider ther@nmental context of the
stream network ignore a critical element of therscape for coho salmon. Depending
on small areas with historically high runs and julesurvival is not an adequate
management strategy. Rather, management stratbgiesonsider the spatial
distribution of habitats and the variety of habttgiologies in different subbasins will
be better suited to the complex environmental dants in which coho salmon

evolved and continue to persist.
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Appendix 3.1: ODFW Aquatic Inventory and Analysis Project: HabB&nchmarks.

POOLS
POOL AREA (% Total Stream Area)

POOL FREQUENCY (Channel Widths Between Pools)

RESIDUAL POOL DEPTH (m)
SMALL STREAMS (<7m width)
MEDIUM STREAMS ¢& 7m and < 15m width)
LOW GRADIENT (slope <3%)
HIGH GRADIENT (slope >3%)
LARGE STREAMS £15m width)
COMPLEX POOLS (Pools w/ LWD pieces) / km

RIFFLES

WIDTH / DEPTH RATIO (Active Channel Based)
EAST SIDE
WEST SIDE

GRAVEL (% AREA)

SILT-SAND-ORGANICS (% AREA)
VOLCANIC PARENT MATERIAL
SEDIMENTARY PARENT MATERIAL
CHANNEL GRADIENT <1.5%

SHADE (Reach Average, Percent)
STREAM WIDTH <12 meters
WEST SIDE
NORTHEAST
CENTRAL - SOUTHEAST
STREAM WIDTH >12 meters
WEST SIDE
NORTHEAST
CENTRAL - SOUTHEAST

LARGE WOODY DEBRIS (15cm x 3m minimum piece size)

PIECES /100 m STREAM LENGTH
VOLUME / 100 m STREAM LENGTH
“KEY” PIECES (>60cm dia. &10m long)/100m

RIPARIAN CONIFERS(30m FROM BOTH SIDES CHANNEL)

NUMBER >20in dbh/ 1000ft STREAM LENGTH
NUMBER >35in dbh/ 1000ft STREAM LENGTH

*Values for Streams in Forested Basins

Citation:

UNDESIRABLE DESIRABLE

<10
>20

<0.2

<0.3

<0.5
<0.8
<1.0

>30
>30
<15

>15
>20
>25

<60
<50
<40

<50
<40
<30

<10
<20
<1

<150
<75

>35
5-8

>0.5

>0.6

>1.0
>1.5
>2.5

<10
<15
>35

<8
<10
<12

>70
>60
>50

>60
>50
>40

>20
>30
>3

>300
>200

Foster, S.C., C.H. Stein and K.K. Jones. 208fuide to interpreting stream survey reports. Edited by
P.A. Bowers. Oregon Department of Fish and Wildlifdormation Reports 2001-06, Portland.
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Appendix 3.2. Variograms for Small Basins in Oregaviid-Coast Region in Each
Year Available Between 1998 and 2002 (Figure S&i2dl-3.2.5.)

Figure 3.2.1. Canal Creek Variograms from 1998,12&@d 2002.
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Figure

3.2.2. Cedar Creek Variograms from 1999,1261fd 2002.
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Figure 3.2.3. Sams Creek Variograms from 1999, 201il2002.
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Figure 3.2.4. Fall Creek Variograms from 1998, 2@ad 2002.
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Figure 3.2.5. Sunshine Creek Variograms from 19989, 2001 and 2002.
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Appendix 3.3. Maps (1b-10d) of juvenile coho salndemsity in eleven basins of
Oregon’s Mid-Coast in selected years from 1998ubho2002.
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2a. Fall Creek 1998

2c. Fall Creek 2001
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3a. Five Rivers 1998
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3b. Five Rivers 1999
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4a. Lobster Creek 1998 4b. Lobster Creek 1999
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5a. North Fork Alsea 1998
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6a. South Fork Alsea 1998

Juvenile Coho
Salmon Density
a 0

9 p01-050
0.51-1.0
® 10120

® 2o01-100

6c¢. South Fork Alsea 2001 6d. South Fork Alsda220




122

7b. Cedar Creek 1999
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8b. Rock Creek 1998 8b. Rock Creek 1999

8c. Rock Creek 2001
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Multiple Spatial Scales in an Analysis of Two LifeHistory Stages of Coho Salmon
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Abstract

Life history diversity over broad spatial exteoksmracterizes populations of
anadromous salmonids in the Pacific Northwest. [ffadistory of coho salmon,
Oncorhynchus kisutch, is a complex example of adaptation in responskvierse
habitats in a dynamic environment. It is possibkg ecological processes acting at
different spatial scales influence the abundancedsstribution of coho salmon. Adult
distribution reflects dispersal patterns adaptech&mtain salmonid populations as
large scale disturbances render entire basind$elita unsuitable over time.
Meanwhile, juvenile distribution reflects adaptatio local conditions as individuals
seek habitats for a year of freshwater occupanig.usefulness of incorporating
multiple spatial scales in models of abundance&mh life history stage was explored
in this study. Hierarchical modeling of two spatahles for each life history stage
was completed using Bayesian methods. Resultsatatichat adult coho salmon
abundance could be explained using two-level hibieal models that incorporated
the subbasin variable, percent large trees in ari@iparian buffer, modeled with the
basin scale variable, mean annual precipitatiors dbntrasts with juvenile
distributions that were adequately represented tayoaevel hierarchical model that
included three site scale variables, percent sstreim order, and network distance to
spawning habitat, hierarchically linked to non-gpesubbasin scale variation. This
suggests that effective recovery strategies foargdred salmonids may require
targeting habitat features at different spatialescthat are relevant to individual life

history stages.
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Introduction

The spatial scale at which scientists analyzesttwdogical world greatly
influences a studys' result (Wiens 1989) which regbat choosing the proper spatial
scale for analysis is important and may be challengmall spatial scales are readily
accessible to researchers (Matthews and Marsh-Mast2003) even when the
species under investigation may also be describkage spatial scales.
Unfortunately, small spatial scales may not captiieediversity of environmental
conditions under which individual species evolvBddific Fisheries Resource
Conservation Council 1999). Also, the same ecollgcocess may manifest
differently across spatial scales (Wiens 1989) réfuee, studies that examine small
scales may not accurately address questions oiespeeeds or ecological processes
that are important for larger scale managemeng¢storation efforts.

It may also be important to incorporate multigbatsal scales in order to
explore potential synergisms between scales whéreasing ecological phenomena
(Lowe et al. 2006). Because ecological processewtwork in isolation, there may
be interaction among processes, thereby introdunitegactions across scales.
Multiple scales included in an analysis may bat@resent interactions between
geomorphic and ecological processes. Poff and H(Ir988) found that multiple
scales of processes interact in the determinafibreshwater production of Atlantic
salmon Galmo salar). They concluded that a multi-scale perspective iweormative
in determining conservation, restoration and mamesye actions. Such a multi-scale
perspective could be useful in approaching anabfstther wide ranging anadromous

fish.
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Some aquatic ecologists are beginning to recoghzé@nportance of analysis
that encompasses entire stream systems (Fauskcl2@02). For example, Torgersen
et al. (2004) used continuous surveys of coastéhmat trout Q. clarki clarki) to
describe differences in patterns of juvenile ocaggavith underlying geomorphic
conditions. They found that analysis of continusussey data could be used to
precisely correlate patterns of juvenile occupaaicyree spatial scales that
corresponded with local stream conditions and #teork structure of tributaries in
the stream system. It is possible that analysismpassing spatial scales ranging
from individual sites to regions may contribute mnjant information regarding
abundance, distribution, and life history needs ihaecessary to understand the
adaptation and survival of anadromous fish species.

Anadromous fish species exemplify a life stratdgat encompasses multiple
spatial scales and extents at different life stdgesstrong 2005, Bradford et al.
1997, Myers et al. 1997). For example, Pacific salrf©oncorhynchus spp.) may
migrate thousands of miles in the ocean. The ntgjofimature individuals in a
population return to their natal freshwater streémnspawn, while some may stray
into neighboring streams or entirely different Ibasor regions (Cooper and Mangel
1999, Labelle 1992). Therefore, the spatial exienadult anadromous salmon
movement includes potentially extensive tractsagfam as well as freshwater areas.
The diversity of adult behavior that involves homor straying allows for the
distribution of genetic material and opportunitieexplore and recolonize habitat
over large areas and ultimately contributes to faimn persistence (Cooper and

Mangel 1999).
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Depending on the species, juvenile anadromousosadis may use the stream
system for up to two years before migrating todbean to mature. For juveniles that
overwinter in streams, the spatial extent occumdtie stream network by the
juvenile life stage is comparable to that of adultswever, unlike adults, juveniles do
not migrate between basins through the ocean amapg adults may do when they
home or stray. Therefore, the spatial extent of enment of juveniles is smaller than
that of adults, with juveniles restricted by malyiland life history needs to the basin
of their birth. Within their natal stream systemneéniles display a variety of
movement behaviors with some moving only smalladises while others move
among tributaries (Murray and Rosenau 1989, Quid@5® Variety of movement
behaviors allows different individuals to take aadteme of the habitats of the stream
environment (Nielsen 1992).

In this study | explore spatial scale, stream wekwariables, instream habitat
conditions and regional habitat variation in assesthe abundance of adult and
juvenile coho salmord. kisutch) in western Oregon. Coho salmon are a natural
choice for an investigation of the relationshipvestn spatial scales and life history
stage because of the extensive research on freshiaadiitat preferences for adult and
juvenile fishes. In addition, monitoring effortsM@amade available data documenting
entire populations of coho salmon at juvenile andltdife stages. In the course of
their lives, coho salmon may migrate thousandsitgsafrom their birth streams to the
ocean and back again. The spatial scale of moveamehtlispersal of adult coho
salmon encompasses large regions of freshwatarghrocean migration and

subsequent homing or straying to spawn (Labell@1BPBet al. 1995). The spatial
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extent of freshwater movement by juvenile coho salmmontrasts with adults.
Juveniles occupy multiple habitat types in freshewand may move among
tributaries in their birth streams (Kahler et &02, Bolton et al. 2002) but do not tend
to move between large basins as adults may wheréiern to freshwater to spawn.

An assumption of this work is that adults define thstribution of populations
of coho salmon both within stream systems and amnstnregm basins. | will refer to
adult coho salmon freshwater distribution asttpelogy of dispersal. The term
dispersal implies movement and change while topo(&tjtcroft 2007b) refers to the
overall distribution of adults in the stream netlwoknother assumption is that
juveniles do not move beyond their natal basinthedoattern of their distribution
reflects local survivorship and the spawning lamatf their parents (Flitcroft 2007b).
| will refer to the pattern of juvenile coho salmimashwater stream use as the
topology of juvenile occupancy. The term occupancy reflects the year of juvenile
freshwater residence in the stream network.

Three spatial scales (site, subbasin, and basigr@g4.1) were chosen for
analysis and are meant to represent differentugéeak of habitat and fish movement.
The site scale is the smallest, and includes loghitat and the proximity among
habitats in the stream network. The subbasin (&ld-Hydrologic Unit ranging in
size between 11,179 and 33,225 hectares) represeinsnage network small enough
to allow adults and juveniles to move within andoaign networks. The basin (4th-field
Hydrologic Unit ranging in size between 33,787 28d,746 hectares) represents a

drainage network large enough to contain all
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Figure 4.1. Three spatial scales used in hieraatBayesian analysis of adult and
juvenile coho salmon. Basin and subbasin scales uszd to hierarchically model
adult coho salmon and subbasin and site scalesugerkto hierarchically model
juveniles.

potential juvenile movement, while allowing adutischoose between basins when
returning to spawn.

In this research, the usefulness of including iplatspatial scales in
assessments of the abundance of the juvenile antliéel history stages of coho
salmon was explored. First, | hypothesize thasttetial scales appropriate for
understanding adult density are subbasins and$aaihen the metapopulation
organization of the fish (Cooper and Mangel 199%89,large scale of movement, and
the fact that adult salmon are the colonizers andlonizers of basins are considered
(Labelle 1992), | speculate that the scale of ttedagical process of adult coho

salmon dispersal will be basins coupled with thelemate scale of the subbasin. |



132

Figure 4.2. Oregon’s coastal region encompasseftthizeld and 4th field hydrologic
units used in a multi-scale hierarchical Bayesiaalysis.
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explored this hypothesis using datasets that enassijine ocean draining streams in

coastal Oregon (Figure 4.2).

Secondly, | hypothesize that the spatial scalestes and subbasins will be
important in understanding juvenile density. Thalacts the limited movement of
individual juveniles in their year of freshwatercapancy (Bell 2001, Bramblett et al.
2002, Quinn and Peterson 1996). | explore this thg®is in six subbasins of the
Alsea (Upper Drift Creek, Five Rivers including Lstér Creek, and Upper Alsea

River) and Siletz (Middle Fork Siletz and Lowere®#l River and Rock Creek) river
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systems in Oregon’s mid-coast region in which cahpnsive survey information for
juveniles was available (Figure 4.2).

Hierarchical Bayesian models that incorporatedialp@ariables at scales
appropriate for local sites, subbasins and basere wsed for analysis. A hierarchical
Bayesian approach provided flexibility in the hretacal structure of the models
(Browne and Draper 2006, Carlin et al. 2006, Geleiaal. 2004). Hierarchical
Bayesian methods have been used to explore ayafietological questions
including monitoring of harbor seals over time (Meef and Frost 2003), the
incorporation of spatial variation in population deting (Gelfand et al. 2006), and
modeling multi-scale relationships (Monlean e2802). Use of hierarchical Bayesian
models is rare in fish ecology literature possiaffecting the novelty of incorporating
multiple spatial scales in analysis. Two examphetude Wyatt (2002) who used
Bayesian hierarchical models to map fish populationa river network and Harley
and Myers (2001) who modeled trawl survey effectass. However, applications of
other Bayesian methods such as the Kalman Fileenar uncommon in fish ecology

(Lee 2000, Lee and Rieman 1997, Marcot et al. 2001)

Methods
Study Area

Coastal basins in Oregon were used in this stiyu(e 4.2). Oregon’s coastal
region is demarcated to the west by the Pacifi@@@nd to the east by the Coast
Range Mountains. The coastal region is characttbyea mild climate with

precipitation heaviest in the winter months (Redchand Taylor 1997). The geology
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of Oregon’s coast ranges from sedimentary to vadcavith volcanic rock types
found towards the north. Lowland areas are feftiteagriculture and coniferous
forests are found throughout the region. Timbevéstrand fishing are strong
economic enterprises in coastal Oregon and arecalfarally important (Lichatowich

1999).

Datasets and Variables

The exploration of multiple spatial scales requittee acquisition of data
describing adult and juvenile run sizes, streamagttaristics such as instream habitat
and riparian vegetation, geology and rainfall. Atigpreliminary literature review, |
identified six categories of stream characterisicsmportant: habitat structure,
shape/sinuosity, network relationships, landscamelitions, lithology and rainfall.
Within each category, variables were identified tiepresent each scale (Table 4.1).
Datasets were compiled that contained the variaiflegerest (Table 4.2). Averaging
variables over space is a distortion of informatiGotway and Young 2002). This
consideration guided the selection of variables weae meant to accurately represent
each scale. For example, a variable associatedhatlarge spatial extent of a basin
would need to characterize the entire area, cordgdara variable at the small spatial
extent of study site which would reflect local carmhs such as the amount and type
of substrates available at the site. This is paldity important when using remotely

sensed data that is collected based on pixel iaésnay range from 1 meter to 100



Table 4.1. Variables that represent different gpatale were used in multi-scale hierarchical Beyemodels of the adult and
juvenile life history stages of coho salmon. *Vétawas standardized ((X-(mean))/standard deviation

Shape Network Landscape
Scale Habitat Structure Sinuosity Relationships Condition Lithology Rainfall
Site *No. pieces of Slope *Distance to Percent gravel
wood spawning
*Boulder count *Distance to rearing Percentdsan
*Distance to summer Percent bedrock
*Stream order
Subbasin Percent Irg trees *Number Percent subbasin km Percent Percent *Mean annual
(5"-Field in 100-m of tribs  in high intrinsic subbasin in sedimentary precipitation
HUC) riparian buffer potential class conifer veg geology
class
Percent subbasin  *Area Percent volcanic
in valley class geology
Basin Percent Irg trees *Number Percent basin km in  Percent basin in Percent *Mean annual
(4"-Field in 100-m of tribs  high intrinsic conifer veg sedimentary precipitation
HUC) riparian buffer potential class class geology
Percent basin in *Area Percent volcanic

valley class

geology

GET



Table 4.2. Datasets that were assembled to deainrables that could be used to represent multjpd¢ia scales.

Dataset Source Available Area Variables How Data Were Collected
Spawning Oregon Dept. of Fish Coastal Draining adult spawning coho The sample sites were identified using a stratif@lom sample design (Jacobs and Nickelson 19@B) a
Salmon and Wildlife Salmon  streams of density were used in the long term monitoring of trendspawning populations in Western Oregon (Jacobk et a
Spawning Survey Western Oregon. 2000, Jacobs et al. 2001, Jacobs et al. 2002).dd4dexted at these sites included the number lob co
Program redds and adults on the spawning grounds. Samipke siere revisited multiple times throughout the
spawning season. The salmon counted are calledafigtspawning adults (Jacobs et al. 2002).
Juvenile Mid Coast Basin Alsea River and juvenile coho density  This dataset was a systersatigple of every fifth pool from the mouth of tiiner to the upper extent of

Snorkel Counts

Stream Lines

Vegetation

Instream
Habitat

Precipitation

Geology

Council

Siletz River juvenile coho distribution. The upper extent watedained as the point at which 5 consecutively dathp
Basins pools held no fish (Mills 2003). The entire streaetwork including tributaries bearing coho were
surveyed and the data recorded.

USDA Forest ServiceCoastal draining active channel width, Stream networks and geomorphic characteristics medeled from 10 meter digital elevation models

Coastal Landscape
Analysis and
Modeling Study

streams of gradient, stream order,(DEM’s) (Miller 2003). Supplemental information $uas precipitation records were used to charaeteriz
Western Oregon percent basin in valley water flow.

from Astoria in  classification, percent

the north to Cape basin km in high

Blanco in the intrinsic potential

south classification
USDA Forest ServiceCoastal draining percent basin in This layer was created using a Gradient NearegiHder method that integrated vegetation
Coastal Landscape basins of conifer vegetation measurements from regional grids of field plotspp&d environmental data, and Landsat TM imagery

Analysis and
Modeling Study

Oregon Dept. of Fish
and Wildlife Aquatic
Inventories Project

PRISM group at
Oregon State
University - provided
through the Oregon
Climate Service

Western Oregon class, percent large  (Ohmann and Gregory 1996).
from Astoriain  trees in 100m riparian

the north to Cape buffer

Blanco in the

south
Scattered streamgpercent gravel Continuous instream habitat survey information gathered by field crews that walked the entiresstre
throughout substrate in unit, from mouth to headwaters. The stream is broken doterhabitat units such as pools, riffles and egid
Oregon percent sand substrateMeasurements such as water depth, substrate cdioppbibulder counts and wood were taken for each
in unit, percent habitat unit (Moore et al. 1997).
bedrock substrate in
unit
All of Oregon mean annual Rainfall records were compiled by the PRISM groti@gegon State University through the Oregon
precipitation for the  Climate Service. Rainfall records between 197126GD were used in an assessment process that
basin incorporated spatial effects of rain shadows aratzd effects (Daly and Johnson 1998).

United States Geologiall of Oregon percent basin with Geology was digitized from the 1:500000 Oregon Ggial Map, which was created by the USGS.

Service

sedimentary geology,
percent basin with
volcanic geology

9€T
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meters in size. A large pixel size such as 100 reetél contain coarser information
than the 1 meter pixel. Therefore, a 100 meterlpnay not be appropriate for site
specific habitat characterization, but may be adegjtor basin scale descriptions.

Juvenile coho salmon survey counts were condumtede Mid-Coast
Watershed Council. Every fifth pool was snorkeled all fish were counted from the
stream mouth to the headwaters, including all tekas, during the summer of 2002
(June through September). A summer juvenile suiv@yeant to capture a snapshot
of coho salmon distribution during the time of yadren the fish are assumed to move
the least (Nickelson et al. 1992). Density wasulated by dividing fish counts by the
length of the pool unit, and was the measure usethbdeling.

Information about spawning coho salmon came frieenQregon Department
of Fish and Wildlife’'s (ODFW) Spawning Survey pragr for spawners in 2001
(spawning season of October 2001 through Februa®g)2and 2002 (spawning
season of October 2002 through February 2003)d Biglvey crews repeatedly visited
survey sites (selected using a spatially randongdes the study basins through the
spawning season as part of the effort to monitansiing coho salmon across the
entire coast (Jacobs and Nickelson 1989, Jacadds 2002). The salmon spawning
survey sites were modified using a GIS with a protaleveloped by researchers
associated with the Environmental Protection Agen&J AR Grant program (R.
Smith 2007 personal communication). This allowedie interpolation of the
spawning survey sites across the landscape ugnd af points (R. Smith 2007
personal communication). The final product wasmalégape interpolation that

displayed the estimated number of spawners adnessrtire coast for each year of
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spawning data. The mean number of spawners attimasin scale was used for
modeling.

Instream fish habitat survey information came fithia Oregon Department of
Fish and Wildlife’'s Aquatic Inventories Program (B-AIP). Field habitat survey
crews walk from the stream mouth to the headwatersig the summer, taking
measurements of the physical stream environmenidamdifying discrete habitat
units such as pools, riffles and glides (Moorel e1897). Field surveys from 1997
through 2002 were pieced together to encompassutbigasins of interest for this
study.

Geology classifications were acquired from a datassated by the United
States Geological Survey (USGS) that containedidegl geology information at a
1:500000 scale. Mean annual precipitation thatrnaxated the spatial effects of rain
shadows and coastal influences was compiled bPRIEM (Parameter-elevation
Regressions on Independent Slopes Model) groupeagdd State University through
the Oregon Climate Service (Daly et al. 1999).

Stream linework and stream network characteriste® modeled by the
Coastal Landscape Analysis and Modeling Study (CISAMased on 1:10 m digital
elevation models (DEMs) (Miller 2003). Vegetatioaswvalso mapped by CLAMS
based on aerial photographs and remotely sensegméOhmann and Gregory
2002).

As with any project that seeks to use dataseteatet by different groups for
different purposes, a significant challenge wasitifigng consistent and compatible

data from different sources that could then be atadgor this study. | chose to
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develop a geographic information system (GIS) twpce spatially accurate map
layers. First, | georeferenced ODFW habitat dathtae juvenile snorkel survey
counts to the stream linework generated by CLAM$ @lynamic segmentation
protocol in ESRI's Arcinfo software was used taalkt information to the linework
(Tables 4.1 and 4.2).

At the scale of a site, the location of juvenitdc salmon snorkel surveys was
used as the spatial base. Information was extrdatedthe ODFW habitat surveys
and CLAMS stream layers using a 100-m buffer aroesch site. At the scales of
subbasin and basin, variables of interest (i.alogg, vegetation, precipitation) were
calculated as the mean value over the area okstteRiparian information was
derived from the vegetation layer by buffering (X@Pfish bearing streams and
calculating the percent of the buffer covered ligdarees.

The number of observations varies at each ss&é. At the site scale there
were a total of 742 observations. At the subbasafesthere were 59 observations, and
at the basin scale there were 10 observationsniilnber of observations for juvenile
models exploring site and subbasin variation ineldd2 sites and 6 subbasins. The
number of observations for adult models using ssioband basin scales includes 59
subbasins and 10 basins (Table 4.3). All explagatariables that were not a
percentage were standardized in order to faciltaterergence of simulation models

((X-(mean))/standard deviation).
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Table 4.3. The number of 5th field HUCs within fitld HUCs and the number of
sites sampled in each 5th field HUC.

Adult Spawner Dataset Juvenile Dataset
# of 5th
4th Field HUC Area Field 5th Field HUC Area  Number
HUC (hectares) HUC’s HUC (hectares)  of Sites
17100201 35426 1 1710020405 16763 123
17100202 221214 6 1710020406 11179 55
17100203 249861 9 1710020407 32415 178
17100204 196371 10 1710020501 33225 131
17100205 178566 1710020502 30903 85
17100206 200744 1710020503 17925 182

7
8
17100207 33787 1
17100303 391746 7
17100304 190672 4
17100305 273714 6

Bayesian Methods and Models

In my first hypothesis | propose that spatial esappropriate for
understanding adult coho salmon abundance are sinlbdrad basin. In my second
hypothesis, | propose that the spatial scales g@piate for understanding juvenile
coho salmon density are site and subbasin. Thethgpes for both juvenile and adult
coho salmon explored the use of multiple spatialescfor analysis and description. In
order to explore these hypothesis, | used Baydseamarchical modeling, which
allows the use of information from each basin fdults, and each subbasin for
juvenile coho salmon, without the restriction teHects or variation within basins or
subbasins must remain constant. While frequentmstels allow this as well, Bayesian

methods are more intuitive and easier to interfatlin et al. 2006).
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Figure 4.3. Hierarchical Bayesian model structoreatult (a) and juvenile (b) coho
salmon.

a. Structure of Hierarchical Model Describing AdultéBmer Abundance

What I'm trying to
estimate: the population of Y
adult coho salmon spawners

Each Basin
(indexed as j) 6, 0, v 010

Each Subbasin e cee cee
(indexed as i) — ’ obs,; obs, ’ obs, ‘ ’ obs, ’ obs, ‘ ’ obs,
b. Structure of Hierarchical Model Describing Juver@leno Density
What I'm trying to ‘
estimate: the population of - m

juvenile coho salmon

Each Subbas
(indexed as ‘ 0, ‘ 6, R 05
Each Sit

’obsl‘---’obsn

—”obsl‘---’obsn ’obsl‘---’obsn

(indexed as

In this application, the different levels of thay®sian hierarchical models
correspond with spatial scales of interest. Mottwladult coho salmon include two
hierarchical levels that correspond to subbasintasih scales (Figure 4.3a). Models
for juvenile coho salmon also include two hieracahievels that correspond to site
and subbasin scales (Figure 4.3b). Models weraiaied using the Bayesian
Information Criterion (BIC), which captures theitkgl variance and a penalty term.
The penalty term combines the number of paramatetsghe natural log of the
number of samples, in an attempt to compensatiéoability of large sample sizes to
identify statistically significant but unimportactefficients (Ramsey and Schaefer

2002). By nesting the hierarchical structure ofriimdels using spatial scale | hoped
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Table 4.4. Bayesian hierarchical models for adoittocsalmon on the Oregon coast.
For each model, subbasin-scale variables thatiararbhically connected to basin-
scale variables are listed next to one anothdrartable columns. The Bayesian
Information Criterion or BIC value allows for a cparison of model effectiveness by

capturing the residual variance and a penalty t&hme.model with the lowest BIC
value is considered to be the best fitting model.

Model
Number | Subbasin-scale Variables Basin-scale Variables BOD1| BIC, 2002

1 Percent large trees in 100-m | Percent basin in conifer vegetation 801.8 853.469
riparian buffer; class;
Area; Area;
Percent subbasin in high intrinsie-
potential;
Percent subbasin in sedimentary-
geology;
Percent subbasin in volcanic | ---
geology;
Mean annual precipitation Percent basin in sedimentary geology

2 Percent large trees in 100-m | Percent basin in conifer vegetation 914.467 971.093
riparian buffer; class;
Percent subbasin in valley Percent basin in conifer vegetation
classification; class;
Number of tributaries; Area;
Area; Area;
Percent subbasin in high intrinsieercent basin in high intrinsic potential;
potential;
Percent subbasin in sedimentary-
geology;
Percent subbasin in volcanic | ---
geology;
Mean annual precipitation Percent basin in sedimentary geology

3 Percent subbasin in valley Area; 811.938 877.450
classification;
Percent subbasin in high intrinsiglean annual precipitation;
potential;
Percent subbasin in conifer Percent basin in conifer vegetation
vegetation class; class;
Percent subbasin in sedimentariylean annual precipitation;
geology;
Mean annual precipitation;
Percent subbasin in volcanic | Mean annual precipitation
geology

4 Percent large trees in 100-m | Mean annual precipitation; 716.114 771.228
riparian buffer;
Percent subbasin in high intrinsiglean annual precipitation;
potential;
Percent subbasin in sedimentar?ercent basin in conifer vegetation
geology; class;
Percent subbasin in volcanic | ---
geology
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Model
Number| Subbasin-scale Variables Basin-scale Variables BIC, 2001| BIC, 2002

5 Percent large trees in 100-m | Mean annual precipitation; 616.312 686.807
riparian buffer;
Percent subbasin in high intrinsieercent basin in sedimentary geology
potential

5b Percent large trees in 100-m | Mean annual precipitation 603.10f 637.881
riparian buffer

6 Percent large trees in 100-m | --- 694.491 720.085
riparian buffer;
Percent subbasin in sedimentariylean annual precipitation;
geology;
Percent subbasin in volcanic | Mean annual precipitation
geology

7 Percent large trees in 100-m | Percent basin in conifer vegetation 726.729 785.104
riparian buffer; class;
Percent subbasin in high intrinsiglean annual precipitation;
potential;
Percent subbasin in sedimentariylean annual precipitation;
geology;
Percent subbasin in volcanic | Mean annual precipitation
geology

8 Percent large trees in 100-m | Percent basin in conifer vegetation 649.651 719.133
riparian buffer; class;
Percent subbasin in high intrinsie-
potential;
Percent subbasin in sedimentariylean annual precipitation
geology

9 Area; 703.840 757.154
Percent large trees in 100-m | Percent basin in volcanic geology;
riparian buffer;
Percent subbasin in high intrinsieercent basin in conifer vegetation
potential; class;
Percent subbasin in conifer
vegetation class

10 Percent subbasin in high intrinsRercent basin in sedimentary geology; 677.200 700.701
potential; Area
Mean annual precipitation

11 Percent subbasin in high intrinsMean annual precipitation; 734.423 764.998
potential;
Percent subbasin in conifer Percent basin in high intrinsic potential;
vegetation class;
Percent subbasin in sedimentariylean annual precipitation;
geology;
Number of tributaries
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Model
Number| Subbasin-scale Variables Basin-scale Variables BIC, 2001| BIC, 2002

12 Area; 746.984 793.538
Percent large trees in 100-m | Percent basin in valley classification;
riparian buffer;
Percent subbasin in conifer Percent basin in high intrinsic potential;
vegetation class;
Percent subbasin in sedimentary--
geology;
Percent subbasin in volcanic | ---
geology

13 Percent large trees in 100-m | Mean annual precipitation; 611.470 694.305
riparian buffer;
Percent subbasin in valley Percent basin in high intrinsic potential
classification

14 Percent large trees in 100-m | Percent basin in sedimentary geology; 656.638 689.220
riparian buffer;
Mean annual precipitation Area

14b | Percent large trees in 100-m | --- 644.078 674.628
riparian buffer;
Mean annual precipitation Area

15 Percent subbasin in high intrinsRercent basin in conifer vegetation 736.767 796.897
potential; class;
Mean annual precipitation; Area;
Percent subbasin in valley Mean annual precipitation;
classification;
Number of tributaries Percent basin in valley classification

16 Percent large trees in 100-m | Percent basin in sedimentary geology; 805.234 828.679
riparian buffer;
Number of tributaries; Percent basin in valley classification;
Percent subbasin in sedimentariylean annual precipitation;
geology;
Percent subbasin in volcanic | Mean annual precipitation;
geology;
Mean annual precipitation Number of tributaries
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Table 4.5. Bayesian hierarchical models for jusenbho salmon in subbasins of
Oregon’s mid-coast. For each model, site-scaleatas that are hierarchically
connected to subbasin-scale variables and ard Inget to one another in the table
columns. The Bayesian Information Criterion or Bi&ue allows for a comparison of
model effectiveness by capturing the residual veaaand a penalty term. The model
with the lowest BIC value is considered to be thstlitting model.

Model
Number | Site-scale Variables Subbasin-scale Vargable BIC, 2002
1 Wood count; Percent subbasin in valley 3036.45
classification;
Network distance to spawning Percent subbasin in valley
habitat; classification;
Network distance to rearing habitgtNumber of tributaries;
Network distance to summer Percent subbasin in high intrinsic
habitat; potential;
Slope; Percent subbasin in sedimentary
geology;
Percent sand in habitat unit; Percent subbasin in sedimentary
geology;
Percent gravel in habitat unit; Percent subbasin in sedimentary
geology;
Percent bedrock in habitat unit; | Percent subbasin in volcanic geology;
Boulder count Percent subbasin in volcanic geology
2 Wood count; Percent subbasin in conifer vegetation2635.68
class;
Network distance to rearing habitgtNumber of tributaries
3 Slope; Percent subbasin in valley 2678.59
classification;
Network distance to rearing habitgtNumber of tributaries;
Percent gravel in habitat unit Percent large trees in 100-m riparian
buffer
4 Wood count; Percent large trees in 100-m riparian 2802.46
buffer;
Slope; Percent subbasin in valley
classification;
Stream order; Number of tributaries;
Network distance to rearing habitgtPercent subbasin in high intrinsic
potential;
Percent bedrock in habitat unit Percent subbasin in volcanic geology
5 Network distance to spawning Percent subbasin in valley 2790.70
habitat; classification;
Network distance to rearing habitgtNumber of tributaries;
Network distance to summer Percent subbasin in high intrinsic
habitat; potential;
Stream order; Number of tributaries;
Slope Percent of subbasin in high intrinsic
potential
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Model
Number | Site-scale Variables Subbasin-scale Variables BIC, 2002
6 Wood count; Percent large trees in 100-m riparian 2814.73
buffer;
Boulder count; Percent subbasin in sedimentary
geology;
Slope; Percent subbasin in sedimentary
geology;
Percent sand in habitat unit; Percent subbasin in sedimentary
geology;
Percent gravel in habitat unit Percent subbasin in sedimentary
geology
7 Wood count; Percent large trees in 100-m riparian 2639.28
buffer;
Network distance to rearing habitgtNumber of tributaries
8 Stream order; Number of tributaries; 2671.80
Network distance to spawning Percent subbasin in sedimentary
habitat; geology;
Percent gravel in habitat unit Percent subbasin in valley
classification
9 Percent sand in habitat unit; Percent subbasin in sedimentary 2616.09
geology + percent subbasin in volcanic
geology;
Stream order; ---
Network distance to spawning ---
habitat
9b Percent sand in habitat unit; Percent subbasin in sedimentary 2609.42
geology;
Stream order;
Network distance to spawning
habitat
9c Percent sand in habitat unit; 2581.41
Stream order;
Network distance to spawning
habitat
10 Slope; Percent subbasin in valley 2669.43

Network distance to spawning
habitat;
Stream order

classification;

Percent subbasin in high intrinsic
potential;

Number of tributaries
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to control for spatial autocorrelation (Gelfancaket2006).

The program WinBugs 1.4 (Spiegelhalter et al. 20085 used to fit the
Bayesian models. Unlike modeling software availdbtdrequentist statistics,
WinBugs requires that each model be written andnmdividually because there is no
automated stepwise procedure available. A smallgad biologically meaningful
models were written and run; sixteen models oftadnl2001 and 2002 and ten
models of juveniles for 2002 (Table 4.4 and Tabteréspectively). Further models
were written and run by refining models with thevést BIC by reducing variables.
The parameters selected for reduction were choseswuige they had limited utility in
estimating the mean of spawner abundance or juevéeihsity. The usefulness of a
variable was determined by examining the paranse#stimate and posterior interval.
Posterior intervals that include zero imply tha ttariable may not be useful.

By assuming that the response variables of juvelatesity or adult spawner
abundance follow normal distributions, | fit Bayesihierarchical models with normal
likelihood and either normal or non-informativegs. | am assuming that the
ecological data fits a normal” distribution. Fong variables | chose to use non-
informative priors — a conservative choice becdwsa not familiar with other studies
that could give guidance to the choice of priouesl As an example, | present adult

spawner model number 5b (Table 4.4).
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Example: Adult Spawner Model Number 5b. fetl, 2,...., 10 index the 10
basins of the Oregon coast in which this modelgmest Leti = 1,....,n5 index the
number of subbasins present in each bjasin

Yij ~N (0”‘,1/02])

Gi; = Bgj + BL(% large trees in riparian zore) *Subbasin Level

Boj ~ Normal (0, 0.001)
By ~ Normal {1y, 1/6%)

wyj = By + Bg(mean annual precipitatign) *Basin Level

1/6% = gamma (0.01, 0.01)
1/6° = gamma (0.01, 0.01)

In this model, | am seeking to identify; the abundance of adult spawners based on
subbasiri in basinj) conditional ond;; with a precision of 16%. The ;; are
conditionally independent and drawn from some patpah of . In this modelgjis

a linear function of the percent large coniferghia riparian zone of the subbasin. The
average slope of this relationship is a linear fimmcof the mean annual precipitation

at the basin level.

Results
Adults

Based on BIC values, three of the top four mottlsidults in 2001 and 2002
were the same (Table 4.6). These three models (ensndh 13, and 14) were selected

for further assessment. In model number 5, onbetets of parameters was removed
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Table 4.6. Bayesian Information Criterion (BIC)uks for adult

coho salmon models from 2001 and 2002. BIC allawsafcomparison
of model effectiveness by capturing the residuakbvee and a penalty
term. The model with the lowest BIC value is coesédl to be the best
fitting model. Models 5b and 14b were created lbgradg the set of
variables in models 5 and 14 respectively.

Year
Model Number 2001 2002
1 801.80 853.47
2 914.67 971.09
3 811.94 877.45
4 716.11 771.23
5 616.31 686.81
5b 603.11 637.88
6 694.49 720.09
7 726.73 785.10
8 649.65 719.13
9 703.84 757.15
10 677.20 700.06
11 734.42 700.70
12 746.98 793.54
13 611.47 694.31
14 656.64 689.22
14b 644.08 674.63
15 736.47 796.90
16 805.23 828.68

(percent subbasin in high intrinsic potential & stubbasin scale connected with
percent basin in sedimentary geology at the basileys The resulting model (5b) had
the lowest BIC for 2001 and 2002 among all modeduated and included the
subbasin variable, percent large trees in the 10{panian buffer, connected with
mean annual precipitation at the basin scale. Modeiber 13 was not altered
because alteration would have led to a model threeses 5b. Model 14 was modified

by removing the basin scale parameter percent rasiedimentary geology. This
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resulted in a model with a lower BIC than the aradimodel, but still higher than 5b
(Table 4.6).

Aside from the identification of models with low@®, another result may be
gleaned from an evaluation of the entire groupdofliamodels. Parameters that were
important in the explanation of the dependent \deiare assessed by examining the
95% posterior interval for the coefficient. If thigerval contains zero it suggests that
the parameter is not useful. In the adult hieraahinodels, meaningful parameters
that describe basin level variation were uncomnitowever, in the models where
basin level variables meaningfully contributedtie tnodel, the same combination of
variables was visible (Table 4.7). Mean annual ipretion and the number of
tributaries at the basin scale seemed to be coemh&ath the geology and percent of
conifers in the riparian zone. These relationshigseared to be important in modeling
the mean adult spawning run at the subbasin Scal&o note that these sets of
variables are present in the models that were ifteohis best using BIC values.
However, in isolation in models 5, 5b, 13, 14, 448, the relationships were not
strongly meaningful. This could reflect the lackimteraction between these variables

and the variables present in the other models.
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Table 4.7. Important combinations of variables filBayesian hierarchical models of
the mean of adult coho salmon at a subbasin scale.

Median Estimate and 95%
Posterior Interval

Model
Number Parameters 2001 2002

6 intercept for mean annual 0.31 (0.02-0.62) 0.44 (0.12 -0.79)
precipitation (basin scale) and
percent large trees in riparian
buffer zone (subbasin scale)

7 intercept for mean annual 0.58 (0.18 - 1.02)
precipitation (basin scale) and
percent sedimentary geology
(subbasin scale)

8 intercept for mean annual 0.48 (0.02 - 0.92)
precipitation (basin scale) and
percent sedimentary geology
(subbasin scale)

13 intercept for mean annual 1.91 (0.21 - 4.47)
precipitation (basin scale) and
percent large trees in riparian
buffer zone (subbasin scale)

16 intercept for mean annual 0.37(0.09-0.77) 0.56 (0.24 - 0.88)
precipitation (basin scale) and
percent sedimentary geology
(subbasin scale)

16 coefficient for number of tribs 14.67 (0.52 - 28.99)
(basin scale) and mean annual
precipitation (subbasin scale)

Juveniles

A comparison of BIC values from initial modelinfiagts for juvenile coho
salmon identified model 9 as the best (Table 4m8an attempt to improve this model,
parameters in the prior probability for the subbasiale were successively dropped

and replaced with non-informative priors. In mo#éle) percent subbasin in volcanic
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Table 4.8. Bayesian Information Criterion (BIC)uks for juvenile coho salmon
models from 2002. BIC allows for a comparison ofdelceffectiveness by capturing
the residual variance and a penalty term. The medelthe lowest BIC value is
considered to be the best fitting model. Models88 9c were created by altering
variables in model 9.

Model Number BIC Results
1 3036.45
2 2635.68
3 2679.59
4 2802.46
5 2790.70
6 2814.73
7 2639.28
8 2671.80
9 2616.09

9b 2609.42
9c 2581.41
10 2669.43

geology was dropped and in model 9c¢ percent sublasiedimentary geology was
dropped. Subbasin-scale variables were chosen $ecéhthe simplicity of the
original model, and because there was no cleacation through the assessment of
the parameter coefficients that the specific suinbzariables contributed to the
explanatory power of the model. The replacemetth@isubbasin scale variables with
non-informative priors reduced the number of estatigparameters in the model, and
model 9c resulted in the lowest BIC value.

As with the adult models, | looked for meaningbarameters that did not
include 0 in their posterior interval. In none bétjuvenile models were subbasin level

parameters identified (meaning, all 95% postentervals for subbasin variables
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contained zero). However, the presence of the sublbevel, and therefore a
hierarchical approach, was still important in thgamization of the information as
reflected by variation of the intercept parametmeen subbasins. This variation is
visible in “caterpillar plots” that display the asated values and the 95% posterior
intervals for all variables in a model (Figure #rdm juvenile model #9c¢). Therefore,
including the subbasin scale using non-informagisiers is appropriate until a more

specific relationship and variable is identified.

Discussion

The juvenile and adult life history stages of ceslatmon have different habitat
needs and levels of mobility that may be condutiveeparate analyses. Also, because
of life history differences, an exploration of @féent spatial scales for each stage may
be a biologically meaningful approach. Hierarchidayesian modeling provided a
method through which to explore relationships betweariables at different spatial
scales. This approach affirmed the usefulnesslufasin and basin scales for
modeling adult coho salmon, and sites and sublsasiles for modeling juvenile coho
salmon.

The first hypothesis explored in this paper focuse adult coho salmon. |
hypothesized that the spatial levels of organiratedevant for assessments of the
abundance of adult coho salmon spawners were tiEasin and basin scales. Studies
documenting the importance of subbasin scale clagpf spawning adults (Neville
et al. 2006) and larger scale metapopulation Ipagkrns analogous to the basin scale

(Cooper and Mangel 1999) provide context for intetipg the results of this study.
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Figure 4.4. The caterpillar plot for juvenile cobmimon model #9c displays the
posterior estimate and 95% interval for each patanie the model. These intervals
may be interpreted by examining their overlap aheétiver they include 0. Intervals
that include O are not considered to significantintribute to the model result.
Intervals that do not overlap display the imporeant modeling including the
hierarchical scale of division. This allows variglito be different with different
parameters rather than needing to be shared thootgie dataset.
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The hierarchical model results lend support todlea that multiple levels of
organization are reflected in the abundance oftamhiio salmon. Evidence for this
may be found in the recurring importance of tw@éascale variables (percent large
trees in 100-m riparian buffer and mean annualipitation) in describing adult

spawner abundance in several models over two Y€alde 4.7) and their presence in
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the model with the lowest BIC (Table 4.4) in bo02 and 2002. Riparian trees at a
subbasin scale were identified as important. Thgelacale of a subbasin does not
allow for an assessment of the spatial relationskiveen spawning habitats,
instream wood, and source trees. However, ripdresas have been tied to in-channel
wood (Beechie and Sibley 1997), which is knowndoumulate gravels (Bilby and
Ward 1989) necessary for spawning (Hall and Bak&R) and the formation of pool
habitats (Montgomery et al. 1995). Precipitatios ltang been recognized as an
important physical cue for adults to migrate upstnego spawn (Allen 1959). Further,
mean precipitation in a basin may also be a suteogalue describing local climate
which will effect vegetation, and ultimately, thember and size of riparian trees.
Therefore, the significance of riparian trees aretipitation variables in models of
adult spawning abundance are consistent with thledical needs of adult coho
salmon.

Developing and selecting a model with a low Bl@segful, but it is also
important to consider the context for this modealtls evident from assessments of all
other models. As previously mentioned, mean anprgaipitation (basin scale) and
percent of trees in the riparian buffer (subbasale appeared as important
descriptors of the mean of adult spawners. Otheabias that appeared to be
important in other models include percent sedimgrdaology (subbasin scale) paired
with mean annual precipitation (basin scale) amdnilimber of tributaries (basin
scale) also paired with mean annual precipitatiois, time at the subbasin scale
(Table 4.7). The variable mean annual precipitatvas almost always the basin scale

variable in the set of important variables. Thiasietency at the basin scale indicates
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greater stability of adult abundance at the basaheswith more variation at the
subbasin scale.

The Bayesian hierarchical analysis used in trisaech confirms that the
scales of subbasin and basin work together in di#sgrconditions conducive to adult
coho occupancy. Therefore, topology of dispersadiylits may best be described by a
combination of large and moderate spatial scalgsate analogous to population level
dispersal. This conclusion provides a frameworkaftiple large spatial scales for the
exploration of questions regarding persistencehaimtat use by adult coho salmon.

Large spatial scales of adult coho salmon may besltonnected with large
scale environmental processes, such as disturbdnatesffect survival of individuals,
and ultimately the entire population of salmon.tikance will make some subbasins
more or less hospitable to populations of salmar time. The adult behavior that
facilitates the consistent occupancy of availalalkitats is the propensity of a small
portion of the adult population to stray (Label@92, Nickelson 1998). Straying
generally describes the behavior of adults thatataeturn to their natal streams to
spawn. Adults that stray may return to a differgentt of their natal basin, or to an
entirely different stream system to spawn, ther@pwing for the recolonization of
new or recovering habitats and the movement oftgen&terial among
subpopulations of fish. Future analysis that diyeexplores large scale environmental
conditions with behavioral diversity of adult cok@mon may be useful in
understanding population level persistence ofgpecies.

A foundation for further research of ecologicedqesses and spatial scale was

set in this project by identifying spatial scallkattare useful for exploring the adult
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life history stage of coho salmon. The analysiadhilt distribution included only two
years of data and future work that includes moearyéhat span a variety of
environmental conditions, such as major floodimgudht, or large scale disturbances
would be worthwhile. Such temporal analysis woutdrggthen studies over large
regions and might include changes in basin-levedlpetivity in response to large-
scale disturbance events. Another hierarchicalyarsabf adults would benefit from
the incorporation of a site-specific scale becdumescale habitat variation has been
shown to be important in the selection of spawsites (Neville et al. 2006).

The second hypothesis explored in this paper iiikshsite and subbasin
scales for assessments of densities of juvenile salmon. Juvenile coho must find
all the habitats necessary for them to surviveafgear in freshwater before migrating
to the ocean as smolts. Habitat needs for juveoi® salmon change seasonally
(Groot and Margolis 1991, Quinn and Peterson 199@)nstem pools are important
in the summer, while off-channel and slow wateritab are significant in the winter
(Nickelson et al. 1992). Therefore, local habitanditions appear to be ecologically
significant for juvenile fish and this was confirchby the selected Bayesian model.
The model with the lowest BIC incorporated localiagon without specifying
relationships to higher levels of spatial organ@atThe three variables in this model
were percent sand, stream order, and the netwstaraie to spawning habitat. The
amount of fines, including sand, in a pool is intpat for juvenile survival. High
percentages of fines decrease salmonid survivagesth in the first year by shifting
the food web towards taxa that are not prey foagueenile salmon (Suttle et al.

2004). Stream order is a useful georeferencingimie¢cause it places the pool within
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the context of the stream system. For example re@g@n’s coast range, a pool that is
located in a first order stream is generally swith areas of high gradient. By
contrast, a pool in a third order stream may beeswahd have lower gradients than the
first order stream, and is also downstream of s¢\@her smaller tributaries that may
deliver food or other nutrients to the pool throutit (Vannote et al. 1980).
Typically, juvenile coho will have higher densitislower-order stream reaches than
in higher order stream reaches (Rosenfeld et 80T he network distance to
spawning habitat is one of the juxtaposition vdgalthat references the pool to
another necessary habitat. Flitcroft (2007b) idettijuxtaposition variables as
possibly important when exploring differences imgnile densities among subbasins
over time, with subbasins with large distances betwseasonal habitats having lower
densities compared to basins with short distaritesinteresting to note that the site-
level variables in the juvenile model with the Iev8IC included both substrate and
network juxtaposition metrics. The importance agé variables is mirrored by the
results described in Flitcroft (2007b) in which gunle coho salmon were best
modeled with a combination of instream and netwankables. The identification of
similar variables in a Bayesian modeling approamffioms the importance of both
substrate and network juxtaposition variables Esatibing juvenile density. The
combination of these metrics is ecologically infatime because they capture the local
environmental conditions that the juvenile fish egponding to.

While the inclusion of subbasin variables waspwot of the lowest BIC model
of the density of juvenile coho salmon, examining taterpillar plot of the parameter

estimates from this model indicates that variapogsent at the intercept of the model
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varies by subbasin. It would be useful to contiayploring variables that represent
subbasin variation because | have clearly not ifledtthe most important elements of
variation at the subbasin scale. The juvenile aalyould also be enhanced by the
assessment of more years of data, which wouldduipess the responsiveness of
juveniles to changes in larger scale environmeraaditions over time.

The juvenile modeling results support my assunmptinat the juxtaposition of
seasonal habitats and local habitat conditionsedlected by the topology of juvenile
occupancy. Further exploration of multiple yeargueknile site and subbasin
variables need to be incorporated in additionaaesh to properly explore the
interplay between ecological processes and szt that juvenile coho salmon are
responding to. What was surprising in this analyss the lack of clear identification
of any subbasin scale variables in determiningnuealensity. Beechie et al. (1994)
identified the larger scale variable of land usamsmportant consideration in habitat
loss that reduced coho salmon smolt output in Kagib River. Land use was not a
variable that was incorporated into this study,ibulearly an important descriptor of
large scale environmental conditions for coho salnfiois also possible that the way
that | structured the hierarchical models in thigjgct did not capture the synergism
among scales that is important for juvenile comea. More work exploring specific
variables at larger spatial scales needs to be wobetter understand the interaction

between spatial scales on the abundance of juventie.
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Conclusion

A hierarchical modeling approach provided a framoswo explore the
complexity of spatial scales for juvenile and adwho salmon. The adult and juvenile
life history stages of coho salmon have differentls of mobility and drives. These
differences helped define the spatial scales tleaé wsed to analyze these two life
history stages. Considering the context of spatiale and stream network
connectivity allowed ecologically meaningful integfations of the results. It is
evident that the interplay of spatial scales ifedént for adult than for juvenile coho
salmon. Juvenile coho salmon appear to resporat#d Variation within the frame of
larger subbasin variation, while adult coho salmmnconnected to subbasin and basin
variation and variables.

In this study, different life history stages warealyzed at different scales
which were intended to reflect population levelgigence strategies and the
difference in mobility and habitat needs betweénHhistory stages. Management that
seeks to restore, protect or enhance coho salmmugieons must consider the
implications of scale and life history stage. Iderto maintain the capacity of coho
salmon as a whole to survive, the ability of thiéedlent life history stages to remain
present and vital in the population must be mana@i Considering the spatial scale
and extent occupied by each life history stagepktorm for determining the needs
of the fish. Juveniles need great diversity of tetbiin close proximity to one another,
while adults need access to a variety of spawnteg within and among basins.
Therefore, management that does not consider dadfidtory stage individually, and

together, may not adequately meet the survival ieégdopulations of coho salmon.
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Pacific salmon are adapted to survive in the dyoatneam environment of
the Pacific Northwest (Reeves et al. 1995). Ecalalgand physiological processes
may impact salmon at different spatial scales.tlmnsideration of population needs
and ecological processes through multiple spat&les makes tenable the
management question of how population persisternit&avachieved in a

continuously changing environment.
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Summary and Conclusions

Stream ecology is a relatively new science, seetstdndably, the theoretical
underpinnings continue to evolve. The researchriestin this dissertation started as
an investigation of the implications of stream nativstructure on the abundance and
distribution of juvenile coho salmo®ficorhynchus kisutch) and evolved into the
development of variables and theory that includeash network relationships. The
dissertation is primarily focused on three key go#die development and application
of a theoretical base for analyzing aquatic obégatecies that incorporates the
underlying structure of the stream network; expigrihe importance of stream
network variables using multiple spatial scaleanmassessment of juvenile coho
salmon density; incorporating multiple spatial ssahto hierarchical Bayesian
models for the adult and juvenile life history stagf coho salmon. The results of this
research point to further work, and also identéywnways of interpreting and
exploring patterns in the river landscape.

Chapter 2 begins with a discussion of the placgtrelam networks in
ecological theory and the current lack of a streatuvork base from which to
interpret and expand on theory describing the maregraf aquatic obligate species. |
propose and develop a dynamic network topologyfesnaework for study design,
analysis, and interpretation. The dynamic netwogotogy includes the idea that
habitats change over time in response to distudbanents or stream flows and native
aquatic species are adapted to these habitat rgaoatfons. The concept of dynamic

network topology moves beyond static predictionagiatic communities (Vannote et
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al. 1980) and integrates the consideration of htlreal processes (Frissell et al.
1986) into a dynamic stream network (Benda et@98] Poff et al. 1997).

In Chapter 3, | explore the importance of a streatuvork context with an
analysis of ecological processes affecting juverlleo salmon at three spatial scales
(site, patch, and subbasin). Multiple spatial scaleve been identified as important
when exploring distributions (Schlosser 1995) aratipctivity (Poff and Huryn 1998)
of fishes. In the site scale analysis, a combimatioboth network and instream
metrics are found to be important in understandnagpatterns of distribution of
juvenile coho salmon. Further, the network juxtajias variables that describe the
proximity between habitats that are important sealbp for juvenile coho salmon
appear to differentiate between subbasins that ilveasing or decreasing juvenile
densities between years. The proximity betweenosehsabitats has been identified
as important for Chinook. tshawytscha) (Isaak and Thurow 2006) and other fishes
(Jones et al. 2003). At the scale of a patch aénile coho salmon, it appears that
larger subbasins may have a nested spatial steuictuine distribution of juvenile coho
salmon. This nested structure could be associatbdavger quantities of habitats that
might be found in larger stream networks or coelitect an overlapping distribution
of smaller patches of juveniles. The subbasin smaddysis pointed to the importance
of the adult spawning run size in connection torthmber of stream km occupied by
juvenile coho. In years of low adult run size, gieam km occupied by juveniles was
lower than in years of higher run sizes. It is gasshat adults that spawn lower in
the stream system in years of low abundance areawoipying spawning habitats in

the closest proximity to the seasonal habitats sezng for their progeny. This
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introduces some interesting questions about howsadistribute themselves at
spawning and what effect that may have on the galraf their young.

Bayesian hierarchical methods are used in Chdpi@istructure models that
are meant to represent two spatial scales in asayshe abundance of adult and
juvenile coho salmon. Multiple spatial scales allowthe interaction between
ecological processes that may occur in nature. &ibland basin scales are
hierarchically organized to explore adult coho salmbundance. These large spatial
scales were chosen for adults based on the mobilagults, and because adults
define the distribution of coho salmon through hagrand straying behavior during
the spawning season. The hierarchical model trstfiteed the adult data identified
the variables: percent of large trees in the rgraluffer at the subbasin scale modeled
with mean annual precipitation at the basin scHbese variables are ecologically
important for adult coho salmon and are assocmatddprocesses of habitat creation
(Bilby and Ward 1989, Benda et al. 2004). Sites sufatbasins are used for juvenile
coho salmon hierarchical models. These smalleradsaales are used for juveniles to
reflect their need to find seasonal habitats fgear of freshwater occupancy in their
natal stream network. Juveniles may move arounkimvtheir natal stream system
(Kahler et al. 2001, Nielsen 1992), but they doaross salt water in search of
alternate basins and habitats. This may meandbal $cales best reflect the
movement and needs of juvenile coho salmon. Thatuleical model that best fitted
the juvenile data identified a set of site levelialales connected with non-informative

subbasin priors. The site scale variables weregmtisand, stream order, and the
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network distance to spawning habitat. These thegmbles capture local instream
condition and the network proximity of an importaetisonal habitat.

The combination of a network perspective and mldtspatial scales of
analysis are a consistent theme in Chapters 2yd34 @f this dissertation. This theme
was intended to create a framework that may betgfgesent the impact of stream
processes on coho salmon abundance and distrib@itr@results of the investigations
in each chapter of this dissertation support ormthaat and confirm the usefulness of a
network perspective that incorporates multiple igppatales. The variables selected in
the best fitting hierarchical Bayesian model, ire@ter 4, for juvenile coho salmon
closely resemble the conclusions of the site Soakestigation in Chapter 3 that both
instream and network variables are important ldeakriptors of coho occupancy and
abundance. These interpretations confirm the peepofi€hapter 2 that considerations
of aquatic species and ecological processes watlstneam network framework is a
useful way to approach analysis. Further, the iseuttiple spatial scales was useful
in Chapter 3 for the interpretation of results an@€hapter 4 as the model structure
itself. The combination of a stream network peripeat multiple scales resulted in
novel applications of statistical method and ecwlalgnterpretation.

Throughout this dissertation, the structure ofd¢tieam as an interconnected
network guided ecological interpretation, statet@pproaches, and study design. The
contribution of this work for ecological investigat is two-fold. First, the focus on
integrating a stream network framework into consatlens of aquatic life history
stages at multiple spatial scales is novel andgmtaiseful. Second, using analytic

approaches that incorporate network structure isua and may be useful for other
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investigations of aquatic species. The ultimatd fmeaany ecological investigation is
to contribute to the body of work that describestiatural world in a meaningful and

thoughtful manner. It is in this vein that the warkthis dissertation has been

undertaken.
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