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Abstract

Understanding the factors that influence the distribution of species through time and 

across space is a fundamental goal of ecology and crucial information needed to effectively 

manage and recover populations. Anthropogenic fragmentation of habitat disrupts ecological 

processes and is an on-going threat to species persistence across taxa. River ecosystems are 

particularly vulnerable to disruptions in connectivity and are the focus of extensive restoration 

efforts and financial investment. For example, over $300 million/year is invested towards 

restoration in the Columbia River basin. However, restoration is often impeded by knowledge 

gaps in distribution that can result in omitting locations that would benefit from restoration. For 

mobile species within dendritic freshwater networks, the boundary that demarcates the total 

quantity of available habitat can be defined by the upper limit of occurrence (ULO) and is a 

useful metric for assessing the extent of habitat to consider for restoration. The first goal of this 

work was to identify the ULO boundary for three socially and ecologically important 

anadromous fishes (Oncorhynchus spp.) in a subset of representative streams across a complex 

river network in southwestern Washington State, USA, and quantify the relationship of the ULO 

with landscape attributes for these species. Extensive field surveys covering 669 river km across 

two years documented the ULO in 115 terminal streams (i.e., uppermost independent stream 

segment within a stream network) for coho salmon (O. kisutch), 97 terminal streams for 

steelhead trout (O. mykiss), and 57 terminal streams for chum salmon (O. keta). The landscape 

attributes associated with these ULO locations varied among species. For example, precipitation 

was an important predictor only for coho salmon, whereas slope was an important predictor only 

for steelhead trout. In contrast, drainage area, elevation, and geology were important predictors 

for all species; while the direction was the same for drainage area and elevation, the magnitude 

of the effect of each landscape attribute varied among species. I demonstrated that large-scale 
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landscape attributes can accurately and consistently detect species-specific distribution 

boundaries across broad and diverse habitat (percent correct classification:78%-89%; area under 

the receiver operating characteristic curve: 0.87-0.96). The ability to quantify landscape 

attributes related to distribution boundaries illuminates how the biology and life history of a 

species is captured across the landscape. The second goal of this work was to predict the range of 

occurrence as a function of landscape attributes for coho salmon, steelhead trout, and chum 

salmon across a range of probability decision thresholds, that reflect different risk-tolerance 

scenarios and determine whether stream reaches are within or outside the range of occurrence. 

Generalized linear mixed models were used to compare the quantity of currently described 

distribution used in restoration planning in the basin and quantify the amount of habitat 

inaccessible due to anthropogenic barriers. The change in amount of habitat within the predicted 

range of occurrence across probability decision thresholds ranged from 60%-74% among 

species. Differences between the model predictions and the currently described distribution for 

each species ranged from -14% to 171%, which on a whole indicates that the amount of habitat 

being considered for restoration is currently underestimated. As predicted, species with a greater 

range of occurrence (e.g., coho salmon) had a greater percentage of predicted suitable habitat 

inaccessible due to anthropogenic barriers (coho salmon:17.4%-28.8%, 0.75-0.25 PDT; 

steelhead trout:10.2%-17.5%; chum salmon: 3.9%-12.3%), and the locations of these barriers 

varied among species. Modelling species distributions at multiple levels of risk-tolerance allows 

practitioners to weigh the ecological benefits and financial investment when considering 

locations for restoration. Ultimately, the effective consideration of restoration actions requires 

tools such that managers can weigh the trade-offs of their decisions given that not all actions 

equitably benefit all species.
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Introduction

A fundamental goal in ecology is to understand where species occur across landscapes 

and the processes that shape their distributions. This knowledge is critical for the effective 

management and recovery of threatened populations that occupy dynamic landscapes. Habitat 

suitability shifts across space and through time (Stanford, Lorang, & Hauer, 2005). Connectivity 

among complementary habitat patches across broad spatial extents supports population resilience 

in response to natural disturbances (Schindler, Armstrong, & Reed, 2015), the (re)colonization of 

habitat (Hanski & Gilpin, 1991), and is necessary for completion of life-cyles for mobile 

organisms.

Pacific salmon and trout (Oncorhynchus spp.) are anadromous fishes of significant 

ecological, cultural, and economic importance, and of conservation concern across most their 

range (Lichatowich, 2001). Anadromy is a common form of diadromy found in fishes such as 

alewife and shads (Clupidae), sturgeons (Acipenseridae), and lampreys (Petromyzontidae) 

among others, in which migrations occur between freshwater breeding grounds and feeding 

grounds at sea (McDowall, 1992). The freshwater life-stages of salmonids are particularly 

vulnerable to habitat fragmentation (Flitcroft, Arismendi, & Santelmann, 2019) and access to 

heterogeneous freshwater habitats is important for both juvenile and adult salmonid life stages 

(Armstrong & Schindler, 2013; Fausch, Torgensen, Baxter, & Li, 2002; Winkowski & 

Zimmerman, 2018). For example, long distance diel horizontal movement of juvenile coho 

salmon (O. kisutch) parr between thermal and food resource patches across a stream network 

facilitated increased growth rates (Armstrong et al., 2013). Similarly, steelhead trout (O. mykiss) 

selected spawning locations near complementary habitat that supported other life stages (Falke, 

Dunham, Jordan, McNyset, & Reeves, 2013). Access to a broad range of spawning locations 
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buffers (meta)populations from environmental stochasticity and threats due to climate change 

(Anderson, Moore, McClure, Dulvy, & Cooper, 2015; Brennan et al., 2019). Given that the life 

cycle of salmonids necessitates both course-scale (e.g., between freshwater and marine 

ecosystem) and fine-scale movements (e.g., within river network), connections among 

heterogeneous habitat patches are critical for species viability across life stages (Schlosser, 

1991).

River ecosystems are particularly susceptible to disruptions in connectivity from 

anthropogenic activities and are a major cause of freshwater extinctions (Strayer & Dudgeon 

2010). Instream infrastructure (i.e., dams, culverts, and road crossings) is ubiquitous across most 

developed landscapes (Nilsson, Reidy, Dynesius, & Revenga, 2005; O'Hanley & Tomberlin, 

2005), disrupts ecosystem processes (Gido, Whitney, Perkin, & Turner, 2016), and is a main 

cause of habitat fragmentation in river systems (Pess, McHenry, Beechie, & Davies, 2008; Roni 

& Quimby, 2005). Fragmentation of habitat limits dispersal rates and the ability of freshwater 

fishes to reestablish local populations, thereby threatening species viability (Strayer & Dudgeon, 

2010). Further, anthropogenic barriers are associated with reductions in stream carrying capacity, 

population size, and productivity of Pacific salmon populations (Pess et al., 2008). Moreover, the 

loss of habitat connectivity can impact salmonid life history expression (McClure et al., 2008) 

and has been hypothesized to reduce frequency of anadromy in steelhead trout populations 

(Apgar, Pearse, & Palkovacs, 2017).

In response to conservation concerns, public and private groups have been heavily 

investing in freshwater habitat restoration to reduce the rate of decline in salmonid populations 

(Bernhardt et al., 2005; Katz, Barnas, Hicks, Cowen, & Jenkinson, 2007). For example, 

restoration efforts in the Columbia River basin alone exceed over $300 million annually (Riemen 
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et al., 2015). Restoring habitat connectivity is a successful, cost-effective strategy that allows for 

(re)colonization of newly accessible habitat (Anderson, Faulds, et al., 2015) that can increase 

productivity (Anderson et al., 2019; Roni et al., 2002), and life history diversity (Quinn, Bond, 

Brenkman, Paradis, & Peters, 2017).

Given the large number of anthropogenic barriers that impede salmonid movements, 

funders and restoration practitioners must prioritize their efforts to make use of limited resources. 

The decision-making process about where to invest restoration funding is ideally informed by 

accurate information on the amount of habitat that becomes accessible when a given barrier is 

removed, and knowledge gaps in species distribtution may limit consideration of locations that 

would benefit most from restoration efforts. Limited resources and broad geographical 

distributions across the landscape constrain the ability for managers to monitor the entire extent 

of species occurrence. Furthermore, contemporary contractions in the distribution of species may 

not fully represent the extent of the potential distribution under improved conditions. Modeling 

the distribution of species of concern can provide a useful tool to compensate for data gaps and 

support the consideration of locations for restoration (Elith & Leathwick, 2009).

Spatial distribution can refer to several different metrics that reflect the different aspects 

of species biology and interactions between fishes and their habitat. The ecological 

neighborhood concept (Addicott et al., 1987) provides a generalized framework for determining 

the appropriate scale for observing ecological patterns and was initially defined by three 

properties: an ecological process, the time period relevant with that process, and an individual's 

activity during that period. Since its development, the ecological neighborhood concept has been 

applied to the individual level (Ryberg, Hill, Painter, & Fitzgerald, 2013; Wirsing et al, 2018) 

and population level (Engstrom & Mikusinski, 1998; Zelmer & Seed, 2004) of organization.
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The population ecological neighborhood for anadromous fishes in stream networks can be 

determined by identifying the upper limit of occurrence in the stream network where the habitat 

downstream of that location is used for spawning, rearing, or migration. However, to date, the 

neighborhood concept has not been applied in the context of aquatic restoration.

While ecological boundaries and population neighborhoods have been previously 

defined for several terrestrial organisms (Ball, 2002; Piza-Roca, van't Zelfde, La Haye, 

Jongejans, & Raes, 2018), this approach is less common in aquatic ecosystems. Environmental 

gradients have been used to define ecological boundaries for estuarine macrobenthic 

communities (Attrill & Rundle, 2002), and in freshwater streams, the inclusion of neighborhood 

effects improved the predictive model of steelhead trout spawning locations compared to a site- 

only approach (Falke et al., 2013). More recently, Rubenson & Olden (2020) used eDNA 

samples to predict the upstream invasion edge of smallmouth bass (Micropterus dolomieu) in the 

Columbia River basin to guide conservation efforts.

In this thesis, I utilized systematic spatially continuous sampling to empirically document 

population neighborhood boundaries for three anadromous fish species and related these 

boundaries to large scale landscape characteristics. The stability of landscape attributes over long 

temporal scales provides a useful spatial scale for assessing habitat suitability. Habitat suitability 

requirements vary among species and, depending on the location and the type of restoration 

action that is implemented, not all species may benefit equally from specific restoration and 

conservation actions. The objective of the first chapter is to document and quantify the 

relationship between landscape attributes and the population neighborhood boundaries for coho 

salmon, steelhead trout, and chum salmon (O. keta) across a complex river network in 

southwestern Washington State, USA. This is the necessary first step for predicting species 
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distributions across broad and diverse landscapes. The objective of the second chapter is to 

formally apply the species-specific models developed in Chapter 1 to generate basin-wide 

predictions of species-specific distributions. By incorporating multiple probability determination 

thresholds to represent different risk-tolerance scenarios, my results are intended to help guide 

decisions of practitioners weighing the ecological benefits and budgetary constraints associated 

with habitat restoration.
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Chapter 1 Landscape attributes explain salmonid ecological neighborhoods across a 

complex river network1

1Walther, E.J., M.S. Zimmerman, and P.A.H. Westley. (In revision) Landscape attributes explain 
salmonid ecological neighborhoods across a complex river network. Freshwater Biology.

Abstract

1. Defining population neighborhood boundaries provides a critical spatial framework for 

understanding ecological processes and informing species-specific conservation and 

restoration planning. The population neighborhood boundary demarcates the total 

quantity of available habitat across life stages where specific ecological processes (e.g., 

breeding, foraging, migration) occur for all individuals within a population. For mobile 

species within dendritic freshwater networks, the population neighborhood boundary can 

be defined by the upper limit of occurrence (ULO) of an individual within a population. 

We sought to define contemporary neighborhood boundaries across a complex river 

network in southwestern Washington State, USA by, (i) identifying ULOs for three 

anadromous fishes (Oncorhynchus spp.), and (ii) quantifying the relationship of the ULO 

with landscape attributes and local features for these species of profound social and 

ecological importance.

2. Extensive field surveys covering 669 river km across two years documented the ULOs 

for coho salmon (O. kisutch), steelhead trout (O. mykiss), and chum salmon (O. keta) as 

well as any local features, such as natural barriers, that influenced the ULOs. Generalized 

linear mixed models quantified the relationships between the ULOs and landscape 

attributes derived from remote sensing data.
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3. We identified the ULO for 115 coho salmon terminal streams, 97 steelhead trout streams, 

and 57 chum salmon streams. Natural barriers determined the ULO in just 5%-16% of 

the terminal streams, depending on species. Landscape attributes associated with the 

ULOs varied among species; however, drainage area, elevation, and geology were 

important landscape predictors for all species. Models for each species had good to 

excellent predictive performance (Percent correct classification: 78%-89%; Area under 

the receiver operating characteristic curve: 0.87-0.96).

4. We demonstrate that large-scale landscape attributes can accurately and consistently 

detect species-specific differences in population neighborhoods across broad and diverse 

habitats. In comparison, local scale features (e.g., natural barriers and channel slope) 

played a minor role in determining the neighborhood boundaries in our study watershed. 

The modeled relationships between landscape attributes and the population neighborhood 

provide a framework to guide conservation planning and predict benefits of habitat 

reconnections.
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Introduction

Understanding the factors that influence the distribution of species through time and 

across space is a fundamental goal of ecology and crucial information needed to effectively 

manage and recover populations. Many local populations of species occupy mosaic patches of 

habitat that shift in suitability over time and space (Brennan et al., 2019; Stanford, Lorang, & 

Hauer, 2005). Connectivity among habitat patches provides access to new patches of habitat in 

the face of natural disturbance, facilitates (re)colonization following local extirpations (Fausch, 

Torgersen, Baxter, & Li, 2002; Hanski & Gilpin, 1991; Schindler, Armstrong, & Reed, 2015), 

and increases the exploitation of heterogeneous habitats. In contrast, habitat fragmentation has 

been identified as playing a critical role in the loss of biodiversity (Haddad et al., 2015; Hanski, 

2015) and extinctions (Crooks et al., 2017; Fagan, 2002; Ricciardi & Rasmussen, 1999) in both 

terrestrial and aquatic ecosystems. Community composition, trophic organization, and species 

persistence and residency may also be significantly impacted by habitat fragmentation (Wilson et 

al., 2016).

The documentation of species distribution and the processes that shape these distributions 

should be viewed at the spatial and temporal scales relevant to the study question (Wiens, 1989). 

Conservation and recovery goals are often at the population scale (United States, 1973), so it is 

important to understand the spatial extent over which ecological processes affect an entire 

population. Addicott et al., (1987) formalized the ‘ecological neighborhood' concept as a 

generalized framework for scaling and defined this concept as the area of heterogenous habitat 

patches an organism uses during an ecological process. An ecological neighborhood is 

determined based on an ecological process, a time period relevant to that process, and an 

organism's activity during that time period. This concept can be applied across spatial and 
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organizational scales, providing a flexible approach for evaluating a broad array of ecological 

questions (Dunning, Danielson, & Pulliam, 1992). For example, the strength of predator-prey 

interactions can be evaluated based the extent of spatial overlap between ecological 

neighborhoods of relatively sedentary predators and a migratory prey population (DeAngelis & 

Peterson, 2001). In addition to delineating an ecological neighborhood based on a single 

ecological process, ecological neighborhoods that combine multiple ecological processes such as 

foraging, seasonal movements, and dispersal (sensu Ball, 2002; Bissonette & Adair, 2008) has 

been used to identify habitat for management and conservation. Following the approach by 

Antolin & Addicott (1991), which documented the colonization and movement among local 

aphid populations (Aphis varians and Macrosiphum valeriani), we apply the ecological 

neighborhood concept to the population scale, hereafter population neighborhood, to capture the 

contiguous spatial extent over which complementary patches of habitat across a landscape are 

exploited during various life stages and for specific ecological processes for all individuals 

within a population.

Boundaries that demarcate the population neighborhood are composed of physical 

features in the landscape that influence the movement of organisms (Cadenasso, Pickett, 

Weathers, & Jones, 2003). For obligate aquatic organisms, movement through dendritic river 

networks is bidirectional making them highly vulnerable to disruptions in connectivity (Cote, 

Kehler, Bourne, & Wiersma, 2009; Fagan, 2002). In freshwater ecosystems, fragmented habitat, 

caused by anthropogenic activities, is a major cause of freshwater extinctions (Strayer & 

Dudgeon, 2010). Fragmentation of aquatic habitat resulting from dams or culverts limits 

dispersal rates and the ability of freshwater species to re-establish local populations, which 

reduces overall species viability (Gido, Whitney, Perkin, & Turner, 2016). Over half of the 
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world's large river systems are affected by dams disrupting natural flow regimes and stream 

connectivity (Nilsson, Reidy, Dynesius, & Revenga, 2005). Species that move across fine (e.g., 

hundreds of meters between stream reaches) and coarse spatial scales (e.g., thousands of meters 

between waterbodies) are most susceptible to anthropogenic barriers such as species with 

diadromous life histories that migrate between freshwater and marine environments to complete 

their life cycle (McClure et al., 2008; McDowall, 1992).

Pacific salmon and trout (Oncorhynchus spp.) are anadromous fishes of significant 

ecological, cultural, and economic importance, and of conservation concern across most their 

range (Lichatowich, 2001). In response, public and private groups have been heavily engaged in 

freshwater habitat restoration to ameliorate salmonid population declines (Bernhardt et al., 2005; 

Katz, Barnas, Hicks, Cowen, & Jenkinson, 2007). Knowledge of species distributions is critical 

to the restoration process; however, due to limited resources, time constraints, and broad 

distributions, conservation managers often do not have the capacity to monitor the entire extent 

of species distribution. Thus, modeling the distribution of species of concern can provide a useful 

tool for researchers and conservation managers to compensate for data gaps.

Fine scale (e.g., reach-scale) habitat attributes and site-specific variables (e.g., substrate 

size, riparian cover, stream depth, water velocity) are nested within landscape-scale drivers and 

shape the distribution and abundance of salmonids (Beechie, Moir, & Pess, 2008; Roni & 

Quimby, 2005). The large body of work describing the relationship between the landscape and 

salmonid distribution is often focused on the reach scale (Chelgren & Dunham, 2015; Porter, 

Rosenfeld, & Parkinson, 2000), is life stage specific (Anlauf-Dunn., Ward, Strickland, & Jones, 

2014; Firman et al., 2011, Latterell, Naiman, Fransen, & Bisson, 2003; Steel et al., 2004), or 

applies large scale empirical relationships developed outside the area of observation (Bidlack, 
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Benda, Miewald, Reeves, & McMahan, 2014; Burnett et al., 2007; Matter, Falke, López., & 

Savereide, 2018; Shallin Busch, Sheer, Burnett, McElhany, & Cooney, 2011). Scarce in 

scientific literature and management practice is the quantification of landscape attributes 

associated with species-specific freshwater population neighborhood boundaries to capture the 

contiguous spatial template of a population across freshwater life stages. The boundary of the 

freshwater population neighborhood for anadromous fishes can be determined by identifying the 

upper limit of freshwater occurrence where all habitat downstream of the upper limit is 

potentially used for rearing, spawning, or migration.

In this paper, we identify the landscape attributes that explain the population 

neighborhood for three salmonid species in a large coastal watershed in southwestern 

Washington, USA. We hypothesize that the relationship between specific landscape attributes 

and the population neighborhood boundary will differ among salmonid species based on species

specific life histories and physiological abilities (Bjornn & Reiser, 1991; Quinn, 2018). 

Specifically, we predict that the population neighborhood for coho salmon (O. kisutch) will be 

associated with the broadest range of landscape attributes among all three species because the 

fall migration timing of adults is synchronized with seasonal precipitation that facilitates access 

to habitat, and the juvenile offspring use freshwater habitats extensively. Chum salmon (O. keta) 

will be associated with the most contracted range of landscape attributes among all three species 

due to the weaker swimming abilities of adults and the minimal use of freshwater habitats by 

juvenile offspring. Steelhead trout (O. mykiss) will be associated with an intermediate range of 

landscape attributes compared to coho salmon and chum salmon; their spring migration timing 

occurs during a declining hydrograph that limits access to habitat but, similar to coho salmon, 

juvenile steelhead trout use freshwater habitats for extended periods of time. Our objectives are 
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to test these predictions by (i) documenting the upper limit of occurrence (ULO) of coho salmon, 

steelhead trout, and chum salmon in a representative subset of streams, and (ii) quantify the 

relationship between landscape attributes and the ULO for each focal species. Illumination of 

these relationships is the necessary first step towards identifying and prioritizing streams for 

potential conservation or restoration in the basin. After describing the neighborhood boundary

landscape relationship, researchers can extrapolate across the landscape to predict where species 

may benefit from habitat reconnection

Methods
Study area

The Chehalis River basin is a large, coastal watershed draining 6,889 km2 in 

southwestern Washington state with a rain-dominated hydrology (Figure 1.1). The basin is 

comprised of multiple sub-basins nested within three bio-climatic ecoregions of unique 

geomorphological origin (Olympic Mountains, Cascade Mountains, and Willapa Hills). 

Extending over a stream network of ca. 18,500 river kilometers, the main stem of the Chehalis 

River flows north from its headwaters in the Willapa Hills, abuts the Black Hills and Olympic 

Mountains, and continues west into Grays Harbor and the Pacific Ocean. The basin supports 

populations of five anadromous salmonid species—Chinook salmon (O. tshawytscha), chum 

salmon, coho salmon, steelhead trout, and coastal cutthroat trout (O. clarkii)—of economic, 

cultural and ecological importance None of these salmonid populations in the basin are listed 

under the U.S. Endangered Species Act (United States, 1973). However, the basin contains 

designated critical habitat for, yet no known spawning population of, bull trout which occur as 

both anadromous and resident forms in Washington coastal rivers and are listed as threatened 

throughout the contiguous United States under the U.S. Endangered Species Act. Freshwater 

habitat in the Chehalis River basin has been heavily impacted by a century of agriculture, 
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forestry, and urbanization along the associated landscape. Although the main stem river is free 

flowing with no anthropogenic barriers, salmonid migration is impacted by large dams on two 

major tributaries and over 2,600 culverts that act as fish barriers (D. Barrett, Washington 

Department of Fish and Wildlife, personal communication).

Stream survey site selection

The approach for selecting survey reaches for field data collection followed a multi-step 

process. Individual routes for each stream segment in the Chehalis basin (n=19,783) were 

generated in ArcGIS from National Hydrology Dataset (NHD) High Resolution (1:24,000) 

segments (USGS 2013), defined as a length of stream from its upstream origin to its merger with 

a downstream unique stream segment, and given a unique identification code (LLID). The entire 

set of stream segments were subjected to a series of filters in order to select a subset for field 

data collection (Figure S1.1). First, LLID stream segments were filtered for known or presumed 

fish use as described by the Statewide Washington Integrated Fish Distribution (SWIFD) 

database (Washington Department of Fish and Wildlife, 2018), Water Resource Inventory Area 

[WRIA] stream catalog (Phinney & Bucknell, 1975), and stream surveyor observations (C. Holt, 

Washington Department of Fish and Wildlife, personal communication). Next, LLID stream 

segments representing the terminal extent of each species' distribution— i.e., uppermost 

independent stream segment within a stream network, hereafter terminal streams (Figure S1.2)— 

were extracted from the entire database of LLID stream segments using ArcGIS geoprocessing 

tools and a Python script to obtain the candidate streams for field data collection. There has been 

previously documented fish occurrence in 92% of the candidate terminal streams for coho 

salmon, and 85% of the candidate terminal streams for steelhead trout.
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For coho salmon and steelhead trout, we implemented unstratified, equal probability 

Generalized Random Tessellation Stratified (GRTS) sampling in R (R Core Team, 2018) using 

the package ‘spsurvey' (Kincaid et al., 2016) to select a subset of terminal streams that were a 

random, spatially balanced representation of all terminal streams (Stevens & Olsen, 2004). The 

GRTS draw was binned into four panels of 30 candidate streams plus an oversample draw of 

replacement streams to survey. We anticipated that a portion of terminal streams from the 

original panels could not be surveyed due to failing the selection criteria described below, and 

therefore the size of the oversample draw was based on a total survey stream sample size of 120 

for each focal species and an estimated rejection rate of terminal streams in the original panels.

Prior to initiating field data collection, candidate streams from the statistical draw were 

removed if they did not meet criteria for logistical suitability, fish passability, and habitat quality. 

Logistical suitability included obtaining landowner permission and suitable access points to the 

survey sites. Fish passability included terminal streams above anthropogenic barriers that met the 

fish passage criteria established by the Washington Department of Fish and Wildlife (2009). 

Habitat quality was based on three metrics assessed during field scouting surveys: existing 

riparian buffer, natural edge habitat, and substrate composition (Table S1.1). For each candidate 

stream that did not meet these criteria, we selected a replacement candidate from the oversample 

draw with comparable landscape attribute values and repeated the screening process on this 

replacement until a total of 120 streams were selected for field data collection.

Chum salmon data were obtained from a concomitant study occurring within the 

watershed (see Edwards & Zimmerman, 2018), in which data were collected from all terminal 

streams within three sub-basins that represented the area in the basin where the majority of chum 

salmon spawning activity occurs. Prior to including chum salmon field data in the analysis, each 
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surveyed stream was subjected to the same screening process for anthropogenic barriers and 

habitat quality as the coho salmon and steelhead trout candidate streams.

Field documentation of the upper limit of occurrence

Data on fish occurrence were collected over two field seasons from fall 2017 to spring 

2019. The majority of the coho salmon occurrence surveys were conducted between April and 

mid-May, with a few additional surveys conducted into July to complete the spatial coverage. 

This timeframe was selected to initiate sampling after an estimated 95% of coho fry have 

emerged, but before juvenile coho salmon redistribute to summer rearing habitat (Hartman, 

Andersen, & Scrivener, 1982; Winkowski, Walther, & Zimmerman, 2018). Steelhead trout 

occurrence surveys were conducted from May through mid-June. This timeframe was selected to 

be after peak spawning and during the time that steelhead trout redds, gravel nests where eggs 

are buried, were still readily distinguishable from the surrounding substrate (C. Holt, personal 

communication). Chum salmon data were collected during November and early December to 

correspond with peak spawning activity within the survey frame (Edwards & Zimmerman, 

2018).

Techniques to determine occurrence varied among species. Coho salmon occurrence was 

determined based on detection of coho fry during single-pass backpack electrofishing surveys of 

sampled streams. For habitat where backpack electrofishing was not an effective sampling 

technique (e.g., wetlands, beaver complexes), we deployed 17.5”x9.5” 1/8” mesh baited minnow 

traps to determine coho salmon occupancy. Steelhead trout occurrence was determined by visual 

observation of redds, test digs, adult live fish, or adult carcasses. Given the low densities and 

short duration on the spawning grounds, observations of live steelhead trout were exceedingly 

rare (n=6). Chum salmon occurrence was determined by visual observations of live adult fish or 

18



post-spawned naturally dead adult carcasses. Spatially continuous sampling was conducted in an 

upstream direction of each selected survey stream until the upper limit of occurrence was 

determined based on one of four criteria termination criteria defined in Table S1.2. The locations 

of ULOs identified in the field were geo-referenced and converted to a GIS shapefile for 

subsequent analysis.

The type of terminus (lateral, mid-channel, tributary junction; Figure S1.3, 1.4, 1.5, 

respectively) and any natural barriers associated with each ULO location were documented. 

Terminus type described whether the ULO occurred mid-channel or was associated with any 

stream branching (i.e., lateral, tributary junction). Natural barriers encountered were classified as 

either permanent or transient barriers. Permanent barriers were geologically-formed physical 

obstructions present in the stream channel (e.g., cascade, falls) and transient barriers were natural 

obstructions likely to vary within and among years (e.g., beaver dam, log jam). Information on 

barriers was important to understand the prevalence of localized effects, not necessarily related 

to landscape features, that influenced the ULO for each species. Each documented ULO was 

classified as being associated with a natural barrier if the ULO was less than or equal to 200 m 

downstream from a complete natural barrier.

Landscape attributes associated with ULOs

To address our second objective, we developed statistical models to analyze the location 

of the upper limit of occurrence for each focal species as a function of landscape attributes 

derived from remote sensing data. We selected drainage area (km2), elevation (m), slope (%), 

mean annual precipitation (cm yr-1), geology type, and wetland presence as fixed effect 

covariates based on previous analysis and our own observations of the basin (Fransen, Duke, 

McWethy, Walter, & Bilby, 2006). Sub-basin delineation was based on United States Geological 
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Survey Hydrological Unit Codes at the level 10-scale (Seaber, Kapinos, & Knapp, 1987) and 

was included as a random effect to account for some spatial autocorrelation across the study area 

(Table 1.1). Using ArcMap 10.6.1, landscape attributes were synthesized using a 10-m digital 

elevation model [DEM] to generate a flow accumulation and flow direction raster. Landscape 

attributes were assigned to ~200 m reaches that were segmented from the NHD High Resolution 

hydrology stream vector projected on 

NAD_1983_HARN_StatePlane_Washington_South_FIPS_4602_Feet  coordinate system. A 

point was generated at the midpoint for each stream reach. The total contributing upstream 

drainage area for each midpoint, hereafter drainage area, was extracted from a flow 

accumulation raster. The elevation (m) for each midpoint was extracted from the 10-m DEM. 

Percent slope was calculated for each stream reach by extracting the elevation of the start and 

end point for each reach and dividing the difference in elevation by the total longitudinal length 

of each stream reach. Mean annual precipitation (cm yr-1), hereafter precipitation, was generated 

using the PRISM 30 raster (PRISM Climate Group, 2013) and down-sampled to match the 10-m 

DEM. Using the drainage area calculated for each midpoint, the mean precipitation was 

calculated from each pixel within the contributing drainage area for each point. Geology type for 

each stream reach was generated from a 1:100,000 WA DNR lithology raster. Each stream reach 

was associated with the dominant (>50%) overlapping geology type. Current wetland presence 

was generated from the USFWS National Wetlands Inventory dataset (USFWS, 2014). The 

wetland type for each pixel was summarized as either present or absent with present indicating 

that wetlands covered greater than 50% of the stream reach area.

Each documented ULO was projected and joined with the appropriate 200-m stream 

reach independently for each species. All 200-m stream reaches upstream of the ULO were
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classified as outside the population neighborhood (given the binomial response = 0) and an equal 

proportion of reaches downstream of the ULO were classified as inside the population 

neighborhood (categorized as ‘1', see model development section). In order to determine the 

number of stream reaches inside the population neighborhood for analysis, we calculated the 

total number of stream reaches outside the population neighborhood, divided this number by the 

total number of ULOs, and used this calculation to select the number of 200-m stream reaches 

downstream from each ULO to be included in the analysis (Figure 1.2).

Model development

For each focal species, we fit the data with a generalized linear model with a binomial 

distribution and logit link using the ‘lme4' package in R (Bates, Machler, Bolker, & Walker, 

2014). We selected the binomial distribution due the binary response variable (within [1], or 

outside [0] the population neighborhood) and because the analysis provided a probabilistic 

prediction of a stream reach being within the population neighborhood. Drainage area was log 

transformed and each continuous covariate was z-score standardized to a mean of zero and 

standard deviation of one. We identified the appropriate model structure and examined 

collinearity among covariates, as described below. Before fitting the logistic regression model, 

we examined collinearity among the ten covariates. One-way ANOVA tests were used to 

examine associations between categorical geology type and continuous covariates (Table S1.3). 

Point biserial correlation coefficients, a form of the Spearman correlation test, were calculated to 

examine correlations between wetland presence and the continuous covariates (Table S1.3). 

Cramer's V test was used to examine correlation between geology type and wetland presence 

(Table S1.4). Spearman correlation coefficients were calculated to test for correlation among the 

continuous covariates. For pairs of covariates with correlation coefficients greater than 0.6, one 
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variable was dropped from the analyses. As a result, we removed wetted width and bankfull 

width prior to fitting the model given the strong correlation between these variables and drainage 

area (Table S1.5). For the chum salmon dataset only, there was a strong correlation between 

elevation and precipitation (ρ=0.69), and drainage area and slope (ρ=-0.62, Table S1.5). The 

elevation-precipitation and drainage area-slope correlations were not observed for the coho 

salmon and steelhead trout data because of the broader geographic scale of the watershed 

included in the analyses for these two species than that included in the chum salmon analysis.

Elevation was retained in the chum salmon analysis (and precipitation removed) as elevation is a 

surrogate for multiple physical processes and had a greater effect size than precipitation in the 

preliminary analysis. Similarly, drainage area was retained (and slope removed) in the chum 

salmon analysis. The correlation coefficients among all other covariates were less than 0.6 and 

were retained as predictor variables in the global model for each species (Table S1.5). Results of 

the correlation analysis did not change when ULO data associated with complete natural barriers 

were removed from the analysis.

Multiple metrics were used to determine the best model structure including theoretical R2 

values, AICc, and analysis of deviance using the ‘MuMIn' (Barton, 2009) and ‘stats' packages 

(R Team, 2018). We also confirmed greater support for a mixed effects model structure than the 

fixed effects model for coho salmon (χ2=63.8, p<0.001), steelhead trout (χ2=276.8, p<0.001), 

and chum salmon (χ2=115.1, p<0.001), reflecting additional spatial influences on fish 

distribution that were not captured by the selected landscape variables.

We first examined a global model with the logistic function form:

P = eu∕(1 + eu),
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where, P = the probability of a stream reach being within the population neighborhood, e = the 

natural logarithm of 1, and u = the linear model:

u = α + β1X1 + β2X2 + β3X3 + β4X4 + GeOj + Wetw + αk,

where α is the model intercept, βn is the regression coefficient for standardized continuous 

landscape covariates X (drainage area, precipitation, elevation, and slope), Geo is the coefficient 

for geology type j, Wet is the coefficient for the binary category of wetland presence w, and ak 

is the normally distributed random intercept coefficient for sub-basin k.

Natural barriers (e.g., waterfalls, cascades) can impede salmonid migration and influence 

distribution at the fine scale. In order to understand the effect of natural barriers on the ULOs in 

addition to large scale landscape attributes, we compared the model performance and theoretical 

R2 (Nakagawa, Johnson, & Schielzeth, 2017) of the global model fit with the data set from all the 

streams surveyed for each species and with the data set that excluded streams where the ULO 

was associated with natural barriers. When the inclusion of streams with ULOs associated with 

natural barriers reduced the model performance, the truncated data set was used for the analysis 

(e.g., coho salmon), otherwise the full data set for each species was retained for analysis (e.g., 

chum salmon and steelhead trout, Table 1.2). In addition to the global model, we examined 12 

reduced models for coho salmon and steelhead trout, and seven reduced models for chum 

salmon. Reduced models ranged in complexity from two to nine parameters (Table S1.7). We 

used the small sample size corrected Akaike's information criterion AICc to select the best 

possible model.
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Model analysis

Cross validation was used to evaluate model performance of each candidate model based 

on the area under receiver operating characteristic curve (AUC) score and percent correct 

classification (PCC) rate. AUC measured the model's ability to discriminate between the binary 

responses. AUC scores of >0.7 were considered good and scores >0.9 were considered excellent 

(Wenger & Olden, 2012). PPC was the proportion of stream reaches correctly assigned within 

and outside the population neighborhood. Stream reach assignment was determined using an 

index cut-point probability of ≥0.50 for stream reaches to be considered within the population 

neighborhood, which is a common cut-point used in the literature (Elith & Leathwick, 2009). 

PCC was calculated by fitting the model to 70% of the stream reaches after 30% of the streams 

reaches, stratified to maintain the same proportion of 1:0s present in the full dataset, were 

randomly withheld as a test data set. This process was repeated 200 times with replacement to 

determine the model's ability to correctly identify the ULO location.

Performance of the best model for each species was further evaluated using the error 

distance between the observed ULO and the predicted ULO. The error distance was calculated 

by randomly removing 20% of the stream profiles (terminal streams) as test data, fitting the best 

model with the remaining data, and then predicting the probability that individual stream reaches 

along each stream profile in the test data set were within the population neighborhood. The 

predicted ULO location for each stream profile in the test data set was the last consecutive 

upstream reach with a predictive value greater than the cut-point probability of 0.5. Negative 

error distances indicated that the model underpredicted the ULO and positive error distance 

indicated that the model overpredicted the ULO. This process was repeated 500 times with 

replacement to calculate the distribution of error distances.
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Spatial transferability of the best model for each species was evaluated based on 

transferability among the four ecoregions identified within the Chehalis River basin. Each 

ecoregion comprised of stream drainages that had the same mountain range as the source of 

origin (Figure 1.1). Drainages that were not sourced from a major mountain range were grouped 

within an “independent” ecoregion. For coho salmon and steelhead trout, we used a fourfold 

transferability assessment (Wenger & Olden, 2012) in which stream reaches were non-randomly 

assigned to four groups based on common ecoregion. For these models, one ecoregion was 

randomly removed as a test data set and a mean AUC score was obtained for 200 iterations with 

replacement. For chum salmon, we used a twofold transferability assessment in which streams 

were non-randomly assigned to two groups divided longitudinally across the study area. For 

these models, one ecoregion was non-randomly removed as a test data set to guarantee model 

convergence and an AUC score was obtained. For all species, only the fixed effects of the 

models were used to make the predictions for the cross validation since the random effects were 

spatially discrete.

We examined the effect size of each landscape attribute to determine the magnitude and 

direction of influence on the population neighborhood for each species. For continuous variables, 

larger effect sizes with larger parameter coefficient values represented stronger effects. The 

effect was considered significant when the 95% confidence intervals of the parameter coefficient 

did not overlap zero. We visualized the trend between each landscape attribute and the 

probability of a stream reach being within the population neighborhood independently by fitting 

the model holding all other variables constant. Continuous variables (e.g., drainage area, 

elevation) were held constant at a global mean (i.e., mean of all streams reaches independent of 

species) and common categorical variables among species were held constant at the global 
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median. The use of global values calculated from the entire dataset of stream reaches allowed for 

direct comparison among species.

Methodological considerations

Prior to transitioning to the results, we would like the reader to be aware of five 

methodological considerations explicit in our approach. First, we assume that the spawning 

distribution was representative of the upper limit of occurrence for each focal species, that there 

was no significant upstream migration of juvenile salmonids following emergence, and that, for 

coho salmon, fry distribution was a suitable proxy for adult distribution. Second, the results are 

based on contemporary abundances of anadromous salmon and steelhead trout and acknowledge 

that historical distributions during times of differing adult spawning abundances and habitat 

connectivity and quality might very well have been different. Third, our approach attempts to 

control for obvious anthropogenic impacts on habitat quality and migration, however much of 

the basin has been altered by human activity and more subtle effects of these impacts on species 

population neighborhoods are unknown. Fourth, this study only considers the anadromous life 

history of steelhead trout and assumes no interaction with the freshwater resident life form. Last, 

the study design does not allow for the incorporation of inter-annual variation in population size 

or environmental conditions (e.g. stream flow) that are likely to influence the location of the 

upper limit of occurrence. These considerations will be addressed in greater detail in the 

discussion section.

Results

Documenting the upper limit of occurrence

We conducted 669 km of on-the-ground surveys for fish occurrence and documented the 

upper limit of occurrence (ULO) in 115 coho salmon streams, 97 steelhead trout streams, and 57 
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chum salmon terminal streams (Figure 1.3). Natural barriers influenced a portion of the ULO 

locations but were not the primary driver. Just 16.5% of the ULOs were associated with barriers 

(12.1% permanent, 4.4% transient) for coho salmon; 5.1% of the ULOs were associated with 

barriers (4.1% permanent, 1.0% transient) for steelhead trout; 15.8% of the ULOs were 

associated with barriers (14.0% permanent, 1.8% transient) for chum salmon (Table 1.3). The 

stream channel terminus type differed among species. Mid channels were the most frequent for 

coho salmon (60.8%) and chum salmon (50.9%), whereas lateral channel junctions were most 

frequent for steelhead trout (40.2%; Table 1.3).

Landscape attributes associated with coho salmon ULOs

The most important landscape attributes for defining coho salmon population 

neighborhood boundaries included drainage area, precipitation, elevation, wetlands, and geology 

(Table 1.4). Drainage area had the largest effect size followed by elevation and precipitation, 

respectively (Figure 1.4). Drainage area and precipitation were positively related to the 

probability of a stream reach being within the population neighborhood, while elevation was 

negatively related to the probability of a stream reach being within the population neighborhood. 

The inclusion of streams with ULOs associated with natural barriers reduced model 

performance, thus the truncated data set was used for further analysis (Table 1.2). The cross

validated model correctly predicted 78% (±2% SD; all variation reported hereafter will be SD) of 

the stream reaches as within or outside the population neighborhood and demonstrated good 

discrimination (AUC: 0.87±0.01; Table 1.4). The median error distance between predicted and 

observed ULO locations was 82.9 m (n=9000, 25% quantile: -415 m; 75% quantile 954 m; 

Figure S1.6) and the landscape attributes demonstrated good spatial transferability when 

predicting between ecoregions (AUC: 0.81±0.03).
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The probability of a landscape attribute being included within the coho salmon 

population neighborhood increased in stream reaches with greater drainage area and precipitation 

and decreased in reaches with greater elevation and the presence of wetlands (Figure 1.5). 

Stream reaches with a drainage area of 50 km2 had a 0.96 probability of being within the 

population neighborhood for coho salmon, and this probability declined to 0.79 at 8 km2 and 0.49 

at 2 km2 (Figure 1.5a). Stream reaches with precipitation of 275 cm had a 0.81 probability of 

being within the population neighborhood and this probability declined to 0.69 at 220 cm and 

0.61 at 190 cm (Figure 1.5b). Stream reaches with an elevation of 75 m had a 0.92 probability of 

being within the population neighborhood and this probability declined to 0.87 at 130 m and 0.68 

at 240 m (Figure 1.5e). A stream reach with a sandstone geology had about 1.3 times greater 

probability of being within the population neighborhood than streams reaches with basalt 

geology (0.90, 0.69, respectively). Glacial and alluvium geology types had a similar influence on 

the stream reaches probability (0.80 and 0.81, respectively), intermediate to sandstone and basalt 

(Figure 1.5c). The presence of wetlands reduced the probability of a stream reach being within 

the population neighborhood by 0.14, however there was large variance in the prediction 

intervals (Figure 1.5f).

Landscape attributes associated with steelhead trout ULOs

The most important landscape attributes for defining steelhead trout population 

neighborhood boundaries included drainage area, elevation, slope, wetlands, and geology (Table 

1.4). Drainage area had the largest effect, followed by elevation and slope, respectively (Figure 

1.4). Drainage area was positively related to the probability of a stream reach being within the 

population neighborhood, while elevation and slope were negatively related to the probability of 

a stream reach being within the population neighborhood. The inclusion of streams with ULOs 
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associated with natural barriers did not reduce model performance, thus the full data set was used 

for further analysis (Table 1.2). The cross-validated model correctly predicted 87% (±1%) of the 

stream reaches as within or outside the population neighborhood and demonstrated excellent 

discrimination (AUC: 0.94±0.01; Table 1.4). The median error distance between the observed 

and predicted ULO locations was 0 m (n=9500, 25% quantile: -200 m; 75% quantile 1488 m; 

Figure S1.6), and the landscape attributes demonstrated excellent spatial transferability between 

ecoregions (AUC: 0.90±0.02).

The probability of landscape attributes being included within the steelhead trout 

population neighborhood was higher for stream reaches with greater drainage area, and lower for 

reaches with greater precipitation, slope, and elevation (Figure 1.5). Stream reaches with a 

drainage area of 50 km2 had a 0.86 probability of being within the population neighborhood and 

this probability declined to 0.19 at 8 km2 and 0.02 at 2 km2 (Figure 1.5a). Stream reaches with a 

slope of 0.0% had a 0.32 probability of being within the population neighborhood and this 

probability declined to 0.26 at 4.0% slope and 0.17 at 10.0% slope (Figure 1.5d). Stream reaches 

with an elevation of 75 m had a 0.42 probability of being within the population neighborhood 

and this probability declined to 0.29 at 130 m and 0.11 at 240 m (Figure 1.5e). There was a 

minimal difference in magnitude of effect of geology type on the probability of a stream reach 

being within the population neighborhood (Figure 1.5c). The greatest difference occurred 

between stream reaches with basalt geology (0.31) and glacial geology (0.20). However, there 

was large variation in the predictions and the median for each geology type fell within the 95% 

prediction interval of every geology type. The presence of wetlands increased the probability of a 

stream reach being within the population neighborhood for steelhead by 0.16 (Figure 1.5f).
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Landscape attributes associated with chum salmon ULOs

The most important landscape attributes for defining chum salmon ecological 

neighborhood boundaries included drainage area, elevation, and geology (Table 1.4). Elevation 

had the largest effect followed by drainage area (Figure 1.4). Drainage area was positively 

related to the probability of a stream reach being within the population neighborhood, while 

elevation was negatively related to the probability of a stream reach being within the population 

neighborhood. The inclusion of streams with ULOs associated with natural barriers did not 

reduce model performance, thus the full data set was used for further analysis (Table 1.2). The 

cross-validated model correctly predicted 89% (±1%) of the stream reaches as within or outside 

the population neighborhood and demonstrated excellent discrimination (AUC: 0.96±0.01; Table 

4). The median error distance between the observed and predicted ULO locations was 0 m 

(n=5500, 25% quantile: -376 m; 75% quantile 663 m; Figure S1.6), and the landscape attributes 

demonstrated excellent spatial transferability (AUC: 0.95±0.00).

The probability of a landscape characteristic being included within chum salmon 

population neighborhood increased in stream reaches with greater drainage area and decreased in 

reaches with greater elevation (Figure 1.4). Stream reaches with a drainage area of 50 km2 had a 

0.26 probability of being within the population neighborhood and this probability declined to 

0.02 at 8 km2 and 0.00 at 2 km2. Stream reach with an elevation of 75 m had a 0.39 probability of 

being within the population neighborhood and this probability declined to 0.08 at 130 m and 0.00 

at 240 m. With respect to chum salmon population neighborhoods, the variability among geology 

types was minimal, and the median for each geology type fell within the 95% prediction interval 

of every geology type (Figure 1.5c). The absolute probabilities associated with each geology 

type were low due to how we set up the analysis to compare the covariate influences among 
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species. While describing the influence of a specific covariate, such as geology, we held other 

covariates in the model at the global mean rather than species-specific means. The global mean 

drainage area and elevation across all species occurred where the relative likelihood of chum 

salmon occurring was already low.

Discussion

In this paper, we identified the landscape attributes that define population neighborhoods 

of three culturally and ecologically important anadromous fish species in a large, coastal 

watershed in southwestern Washington, USA. We successfully documented ULO locations for 

coho salmon (n=115), steelhead trout (n=97), and chum salmon (n=57) in a subset of streams and 

related landscape attributes to the probability of a stream reach being within or outside the 

population neighborhood. As predicted, the suite of landscape attributes associated with these 

ULO locations varied among species; however, drainage area, elevation, and geology were 

important predictors for all species. The magnitude of the relationship between these common 

landscape attributes and the probability of stream reaches being within or outside the population 

neighborhood varied among the three species, reflecting species-specific habitat requirements 

and life histories. While there is synergy between these multiple landscape attributes, they were 

not statistically correlated, and each attribute independently contributed to the unique population 

neighborhood boundary for each species. Identifying species-specific landscape attribute values 

that shape population neighborhoods is critical to prioritizing restoration actions in this 

watershed because not all actions will have equal benefits for each species of interest.

Influence of landscape variables on neighborhood boundaries

Stream reaches with larger drainage areas are generally lower in stream networks, have 

greater habitat complexity, and have a shorter migration distance to and from the marine 
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environment. Similar to the findings of Pess, Quinn, Schindler, & Liermann (2014), we found 

that larger drainage areas corresponded with the sympatric occurrence of multiple salmon 

species. However, different life history and habitat requirements among coho salmon, steelhead 

trout, and chum salmon likely influenced the minimum drainage areas within the respective 

population neighborhood. In general, coho salmon utilize smaller substrate and require less 

stream area for spawning compared to other anadromous salmonids (Bjornn & Reiser, 1991; 

Kondolf & Wolman, 1993) facilitating the exploitation of smaller drainages. In contrast, chum 

salmon spawning was associated with braids, side channels, and sloughs found lower in the 

stream network of the major sub basins of the Chehalis River, which have broad and 

unconstrained river valleys and larger drainage areas. Stream branching was associated with 72% 

of all steelhead trout ULOs which suggests that locations in the watershed with major transitions 

in drainage area are important for identifying the population neighborhood boundary for this 

species. Abrupt changes in drainage areas that occur at tributary junctions alter the hydrologic 

characteristics at these locations that affect bed material size and shape (Knighton, 1982), and 

water chemistry (Teti, 1984). The tributary junctions represent discontinuities in stream networks 

(Benda et al., 2004) where higher nutrient concentrations, food resource availability, and greater 

habitat volume and complexity slightly downstream create “biochemical hotspots” that may be 

related to shifts in fish assemblage and productivity (Kiffney, Greene, Hall, & Davies, 2006; 

Wipfli & Gregogich, 2002).

Different migration phenologies between coho salmon and steelhead trout illuminate the 

role of precipitation and the range of drainage area values represented within population 

neighborhoods. The fall spawn timing of coho salmon coincides with the seasonal onset of fall 

precipitation that increases stream flows and facilitates access to small tributary streams that may 
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be inaccessible to salmonids with migration under lower stream flow conditions (Sandercock, 

1991). For example, the late winter and early spring migration period for steelhead trout limits 

their ability to take advantage of areas that receive greater amounts of annual precipitation 

occurring during the fall months. A decreasing hydrograph during the spring spawning period for 

steelhead may necessitate the exploitation of larger streams that have adequate depths for adult 

fish, and suitable flows for egg incubation and juvenile rearing. The impact of these 

asynchronous migration periods on habitat utilization is supported by our findings that indicate 

flow-induced accessibility is an important driver of the population neighborhood for coho 

salmon, but not steelhead trout.

Elevation was negatively related to the probability of a stream reach being within the 

population neighborhood for all species, but the maximum elevation associated with the 

population neighborhoods varied among species. Elevation has been used to successfully predict 

the distribution of both cold water (Bozek & Hubert, 1991; Porter et al., 2000) and warm water 

fishes (Quist, Hubert, & Rahel, 2004), as well as other aquatic organisms (Lenssen & Kroon, 

2005). In our study, elevation was likely a correlative landscape attribute that captured a broad 

array of drivers that directly shape the distribution of a species (Tonkin et al., 2016). For 

example, the negative relationship between elevation among all species and their population 

neighborhood boundary may reflect limits to the physical exertion associated with accessing 

reaches farther upstream in the stream network. A biological parameter to quantify migration 

excursion was explored by multiplying the elevation of a reach by its distance to the estuary. 

However, this parameter was highly correlated with elevation (ρ>0.90) and was not retained for 

modelling. Elevation could also be a surrogate for climate and stream temperature (Dauwalter & 
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Rahel, 2008; Isaak & Hubert, 2001; Quist et al., 2004), and the observed response may represent 

an indirect thermal limit to fish distribution.

While we expected slope to be an important predicter for all species, surprisingly this 

attribute was only relevant to steelhead trout. In addition, the lower slope values associated with 

the steelhead trout population neighborhood were counterintuitive when considering the leaping 

abilities of the species (Powers & Osborn, 1985) and the typical observation that steelhead trout 

are able to ascend steep stream reaches with cascades and falls (Bryant, Zymonas, & Wright, 

2004; Reiser, Huang, Beck, Gagner, & Jeanes, 2006). Our result may be influenced by 

measurement error of the slope covariate as we used a fairly coarse 10-m DEM to calculate slope 

of each 200 m segment. Alternatively, steelhead trout may restrict their spawning distribution to 

areas of the watershed with lower slope that ensure adequate wetted space for spring spawning 

and rearing in a rain-dominated system (Bjornn & Riser, 1991). For coho salmon, slope was not 

a significant driver of population neighborhoods compared to other landscape attributes such as 

drainage area and precipitation. This result likely reflects the specific landscape of the Chehalis 

River basin which is relatively low gradient throughout. The ULOs of upstream migrating coho 

salmon in this basin appear to be influenced by other landscape attributes before encountering 

slopes that limit their migration abilities. Further, reach-scale slopes both within and outside 

population neighborhoods were variable and limited the utility of this attribute as a predictor 

variable. For example, while slope increased in an upstream direction for some terminal streams, 

other terminal streams were characterized by headwater wetlands and beaver complexes (i.e., 

low slope reaches) that existed outside observed population neighborhood for coho salmon. 

While we did not identify an association between slope and the population neighborhood for 

coho salmon in this study, slope is known to be an important factor in determining habitat 
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suitability of specific reaches within a population neighborhood (McMillan., Liermann, Starr, 

Pess, & Augerot, 2013; Reeves, Sleeper, & Lang 2011; Sharma, & Hilborn, 2001).

Unlike previous models that have demonstrated strong relationships between underlying 

geology and the abundance and occurrence of salmonids (Firman et al., 2011; Pess et al., 2002; 

Taylor, Papes, & Long, 2017), geology had weak or variable influence on the population 

neighborhood boundaries among species. Underlying geology influences erosion rates, channel 

forming processes, discharge, and sediment loading, all of which affect substrate suitability for 

spawning within a stream reach (Firman et al., 2011; Montgomery & Buffington, 1998). We 

included geology in the analysis because we expected the association between this attribute and 

spawning gravel to influence salmonid population neighborhoods. However, our results did not 

always support spawning gravel as a mechanistic explanation for an association between geology 

and population neighborhoods. For example, reaches with sandstone geology, which is prone to 

erosion and generally has smaller substrate (Gomi et al., 2005; Hicks, 1989), had the strongest 

positive influence on coho salmon population neighborhoods. In contrast, alluvial depositions, 

which are associated with higher quality spawning habitat (Montgomery et al., 1996, Steel et al., 

2004), had an intermediate association with population neighborhoods for each species compared 

to other geology types. This may be the result of the spatial distribution of geology types across 

the basin and local adaptation to the geologic history of the Chehalis River basin as a refuge 

during the last glaciation (Hocutt & Wiley, 1986). The direction and magnitude of the 

relationships between the underlying geology and population neighborhoods may be indirectly 

related to landscape attributes that correlate or overlap with the spatial distribution of geology 

types.
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Influence of natural barriers on neighborhood boundaries

Localized influence of natural barriers had a minimal yet detectable influence on the 

population neighborhood boundaries independent of the overall landscape. The importance of 

natural barriers to the boundaries for each species was likely determined by species-specific 

physical capabilities and distribution across the watershed. Population neighborhoods of coho 

salmon were the most likely to be restricted by natural barriers. Coho salmon also had population 

neighborhoods that included the smallest stream sizes (smallest drainage areas) compared to the 

other two species. Smaller streams make natural barriers more challenging to navigate due to the 

lack of sufficient plunge pool depth, and also have a lower transport capacity for large woody 

debris (MacDonald & Coe, 2007) that may account for the high percentage of transient barriers 

associated with coho salmon ULOs. In comparison to coho salmon, the population neighborhood 

of steelhead trout was less restricted by natural barriers. The larger stream size in the population 

neighborhood for steelhead and the greater leaping ability of this species allows for navigation 

around stream obstructions that may be barriers to other salmonid species (Reiser et al., 2006). 

Population neighborhoods of chum salmon included streams lower in the stream network where 

large natural barriers are less common. Chum salmon did not appear to use smaller headwater 

tributaries (<10 km2) where natural barriers to upstream migration are more prevalent (Brummer 

& Montgomery, 2003; MacDonald & Coe, 2007).

Model accuracy

The strong predictive accuracy of each model demonstrated the utility of using landscape 

attributes to describe population neighborhoods. We found that these coarse-scale attributes were 

highly effective at describing species-specific differences in boundaries of population 

neighborhoods within a watershed. For example, there was good to excellent spatial 
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transferability our of predictive models among the different ecoregions in the watershed, 

specifically for coho salmon and steelhead trout. The coho salmon model had lower predictive 

accuracy than the other two species, a result that may be influenced by high variability in local 

conditions of headwater streams. Population neighborhoods of coho salmon included smaller 

headwater streams compared to the other two species. Small headwater streams are more likely 

to experience greater magnitudes of natural disturbance such as landslides that alter the 

suitability of the local habitat (Bisson, Dunham., & Reeves, 2009). The greater spatial 

heterogeneity of streams in small drainage areas may contribute to the over-prediction of coho 

salmon ULOs (i.e., ~80 m median error distance). While the predicted ULO locations for 

steelhead trout and chum salmon were accurate (0 m median error distance), the distribution of 

the error between predicted and observed was varied and right-skewed, (i.e., the predicted 

locations were further upstream than the observed locations). For chum salmon, this result could 

be related to their inability to navigate natural barriers, which our predictive model was not 

designed to explicitly detect (Reiser et al., 2006). Also, the total lengths of the terminal streams 

were relatively longer for steelhead trout and chum salmon compared to coho salmon which may 

contribute to the larger error distance absolute values.

Caveats

Freshwater habitat degradation and loss has been linked to population declines (Bond, 

Nodine, Beechie, & Zabel, 2019; Gayeski, McMillan, & Trotter 2011) which influence the extent 

to which salmonids are distributed across the landscape (Isaak & Thurow, 2006). Current 

salmonid population abundances in the Chehalis River basin are much lower compared to 

historical abundances. Thus, our occurrence observations may be more representative of core 

habitat use at low abundances which would result in an underestimation of the natural population 
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neighborhood when run sizes were larger. For steelhead trout, natural selection the against the 

anadromous life history above anthropogenic barriers (Apgar, Pearse, & Palkovacs, 2017; 

Pearse, Miller, Abadía-Cardoso, & Garza, 2014) may also contribute to the reduction in 

anadromous steelhead trout abundances (Kendall, Marston, & Klungle, 2017). However, resident 

rainbow trout (non-anadromous life history form of steelhead trout) are often functionally 

connected to anadromous steelhead trout populations (Kendall et al., 2015) and we would expect 

a broader range of landscape attributes associated with steelhead population neighborhoods if 

both the resident and anadromous life history forms were considered in this study. While we 

attempted to control for overt anthropogenic impacts on habitat quality, over a century of 

landscape alteration (e.g., urbanization, agriculture, forestry) across the basin has likely 

contributed to shaping the population neighborhoods of each focal species. This study provides a 

temporal snapshot, with the exact ULO locations possibly changing among years, and longer 

monitoring is required to evaluate how interannual variability in abundance and environmental 

conditions may shape species-specific population neighborhood boundaries (Cram et al., 2017).

The results of the regression model included an important caveat that the binary points 

developed for analysis were not independent of each other. The inclusion of sub-basin as a 

random effect in our model addressed some, but not all, of this lack of independence. However, 

the lack of independence does not affect the final predictive equation which was the focus of our 

work. As a result, the probabilities associated with predicted values should be interpreted as an 

index for the relative likelihood (sensu Fransen et al., 2006), rather than an absolute probability, 

of a stream reach being within the population neighborhood. The two different collection 

methods used for coho salmon occurrence surveys (electrofishing and minnow trapping) may 

have introduced sampling bias that influenced the location of the observed ULO. However, 
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minnow traps were only deployed for 8 of the 120 coho salmon surveys, and the different 

sampling methods are unlikely to have substantially altered the final model equation.

Our modeling was conducted using a single species occupancy framework and lacked 

any biological factors that might influence population neighborhood boundaries. In smaller 

headwater streams, space and food resources are limited and interspecific competition can shape 

fish assemblage (Pess et al., 2011; Rosenfeld, Porter, & Parkinson, 2000; Schlosser, 1991). 

Qualitative observations from our field sampling in headwater streams documented an abrupt 

shift in the species detected as stream size decreased, transitioning from predominantly coho 

salmon to predominantly resident cutthroat trout. Sympatric resident cutthroat trout compete with 

smaller juvenile coho salmon for space and food resources (Buehrens et al., 2014; Sabo & 

Pauley, 1997). If these competitive interactions intensify in smaller headwater streams, cutthroat 

trout presence in addition to physical landscape attributes could limit the upstream distribution of 

coho salmon. The integration of both landscape and biotic factors could increase the biological 

interpretative power of the model.

Concluding thoughts

In order to effectively guide management problems and conservation planning, the 

ecological investigation must align with the scale of the problem. Restoring habitat connectivity 

to ameliorate population viability has been a strategy proposed across taxa (Clauzel, Bannwarth, 

& Foltete 2015; Mulligan, Schooley, & Ward, 2013; Pess, Quinn, Gephard, & Saunders, 2014; 

Schultz & Crone, 2005). During stream restoration planning, the accessibility to heterogenous 

habitat that supports a population across multiple life stages over time is often overlooked and 

instead the focus is on summarizing of the amount of habitat for a specific life stage (Flitcroft, 

Arismendi, & Santelmann, 2019). Research on species distributions is often focused on either 
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reach-scale occupancy (e.g., Polivka et al., 2015) or broad spatial patterns over vast geographical 

areas (e.g., Buddendorf et al., 2019) with less attention on population boundaries within a 

watershed of interest. In addition, past efforts are often limited to a specific life stage for a single 

species (Anlauf-Dunn et al., 2014; Steel et al., 2004). Our study provides an approach to 

accurately and consistently define population neighborhood boundaries. This information is 

needed to guide conservation and management actions toward the locations where reconnecting 

habitat will have the greatest impact and to identify the amount of impact associated with actions 

at a specific location. Ultimately, the ability to quantify landscape attributes that describe 

population neighborhood boundaries is the necessary first step for predicting distributions of 

species over broad spatial extents and illuminates how the biology and life history of a species is 

captured across the landscape.
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Figure 1.1 Map of the Chehalis River basin, Washington, USA with the main stem Chehalis 
River bolded in blue. The bolded outlines demarcate the sub-basins of the Chehalis River used as 
random effects for modelling. The colored ecoregions were used for model validation. The two 
major dams present on tributaries in the basin include the Wynoochee Dam (47.385346, - 
123.605597) that allows fish passage, and the Skookumchuck Dam (46.782845, -122.718612) 
that does not allow fish passage. The watershed boundary of the Chehalis River basin is bolded 
in black in the inset map of Washington State.
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Figure 1.2 Conceptual diagram of a representative stream segment for modeling. The yellow dot 
represents the observed upper level of occurrence (ULO) that was projected onto the stream 
network. The black bars along the stream represent the reach breaks. The red stream reaches 
upstream of the ULO were distinguished as outside the population neighborhood (binary 
response [0]), and the stream reaches downstream of the ULO were distinguished as with the 
population neighborhood (binary response [1]). Landscape attributes were synthesized for each 
stream reach along the stream network.
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Figure 1.3 Field documented upper limit of occurrence (ULO) locations (yellow dots) for coho 
salmon (a), steelhead trout (b) and chum salmon (c) in the Chehalis River basin, Washington, 
USA, collected between 2017-2019.
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Figure 1.4 The effect size of continuous predictor variables for the best model for each species 
fit with data collected across the Chehalis River basin, Washington, USA. The point values and 
error bars represent the mean and 95% confidence intervals for the effect size.
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Figure 1.5 Predictive curves for each landscape attribute demonstrating the probability of a 
stream reach being within the population neighborhood. Bolded curve lines represent the mean 
predictive value and the ribbons represent the 95% confidence interval. The curves in pink 
represent coho salmon; the curves in grey represent steelhead trout; the curves in purple 
represent chum salmon. Predictive curves for each landscape attribute were fit using the best 
model with all other model parameters held constant at their mean value. Common continuous 
predictor variables among models (drainage area, elevation) were held constant at the global 
mean. Unique predictor variables were held at the species-specific data set mean. Common 
categorical variables were held constant at the global median (glacial geology type and wetlands 
absent)
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Table 1.1 Fixed and random effect variables included in the global logistic regression mixed-effects models to predict coho salmon 
steelhead trout, and chum salmon population neighborhood boundaries in the Chehalis River basin, Washington, USA.

Variable Type Watershed processes/habitat condition Expected biological response Data source References

Drainage area
(km2) fixed

Indicator of position in watershed and ecosystem 
processes; surrogate for stream size (related to flow 
accumulation).

Population neighborhoods are positively 
related to drainage area.

10-m DEM

Vannote et al., 
1980; Porter et
al., 2000;
Dauwalter &
Rahel 2008

Elevation (m) fixed

Surrogate for stream temperature and stream order 
(i.e. at higher elevations streams are more likely to 
be smaller and cooler); physical excursion required 
of fish to access stream reach.

Population neighborhoods are negatively 
related to elevation.

10-m DEM Dauwalter &
Rahel 2008

Bjornn &

Stream 
channel slope 
(%)

fixed
Energy transport (transportation and deposition of 
substrate); flow velocity positively related to stream 
gradient.

Population neighborhoods are negatively 
related stream gradient; increasing stream 
gradient limits accessibility and decreases 
habitat suitability.

10-m DEM

Reiser 1991; 
Dauwalter & 
Rahel 2008;
Wenger et al.,
2011

Geology type Fixed
Affects the quality and availability of substrate for 
spawning and influence of hyporheic flow.

The probability of stream reaches being 
within the population neighborhood vary 
depending on the geology type. Population 
neighborhoods are positively related to 
alluvium, glacial and basalt geology as they 
are associated with good spawning gravel 
and hyporheic flows. Population 
neighborhoods are negatively related to 
sandstone geology as they are associated 
poor spawning gravel and hyporheic flow.

WA DNR

Montgomery et
al., 1996;
Gomi et al.,
2005

Wetland 
presence

Fixed

Provides good rearing habitat for juvenile 
salmonids but limited spawning habitat due to 
substrate being fine dominant. Influences storage 
and transport of organic matter, nutrients, heat 
energy, and chemical contaminants. Can be 
associated with groundwater upwelling and springs.

Population neighborhoods are negatively 
related to wetland presence.

USFWS
Leibowitz et
al., 2018



Table 1.1, continued.

Mean annual 
precipitation 
(cm yr-1)

Fixed
Influences flow regime, stream velocity, substrate 
deposition and scouring. Related to the accessibility 
of streams based on timing and magnitude of flow.

Population neighborhoods are positively 
related to mean annual precipitation.

PRISM 30 Wenger et al.,
2010

Sub-basin Random USGS Seaber et al.,
1987

Abbreviations: DEM, Digital Elevation Model; PRISM 30, PRISM Climate Group 30-year norm

Lζ



Table 1.2 Model performance results comparing global regression models fit with a dataset 
from all the streams surveyed (full) and with a dataset (truncated) that excluded streams where 
the upper limit of occurrence was associated with natural barriers for coho salmon, steelhead 
trout, and chum salmon in the Chehalis River basin, Washington, USA. N is the number of 
stream reaches included in each dataset.

Species Dataset PCC† AUC‡ R2

Coho
Full (n=2272) 0.74±0.01 0.84±0.01 0.71

Truncated (n=1715) 0.78±0.01 0.87±0.01 0.73

Steelhead
Full (n=4569) 0.86±0.01 0.93±0.01 0.87

Truncated (n=4334) 0.86±0.01 0.92±0.01 0.86

Chum
Full (n=2772) 0.89±0.01 0.96±0.01 0.91

Truncated (n=2448) 0.89±0.01 0.96±0.01 0.92

†PCC is the mean(±SD) percent correct classification from the 200 cross validation iterations; 
‡AUC is the mean(±SD) area under the receiver operating curve from the 200 cross validation 
iterations; R2 are theoretical values (Nakagawa et al., 2017).
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Table 1.3 Upper limit of occurrence (ULO) boundary types for terminal streams in the Chehalis 
River basin, Washington, USA surveyed for coho salmon (n=115), steelhead trout (n=97), and 
chum salmon (n=57), and the percentage (count) of streams where the field documented ULO is 
associated with a permanent or transient complete natural barrier.

Species ULO type
Barrier Type

No Barrier Permanent Transient

Lateral 6.1 (7) 0.0 (0) 0.0 (0)

Coho Mid Channel 49.6 (57) 7.8 (9) 3.5 (4)

Tributary Junction 27.8 (31) 4.3 (5) 0.9 (1)

Lateral 40.2 (39) 0.0 (0) 0.0 (0)

Steelhead Mid Channel 23.7 (23) 3.1 (3) 1.0 (1)

Tributary Junction 30.9 (30) 1.0 (1) 0.0 (0)

Lateral 43.9 (25) 0.0 (0) 0.0 (0)

Chum Mid Channel 38.6 (22) 12.3 (7) 0.0 (0)

Tributary Junction 1.8 (1) 1.8 (1) 1.8 (1)
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Table 1.4 Model selection metrics (mean ±SD) for predicting the population neighborhood for 
coho salmon, steelhead trout, and chum salmon in the Chehalis River basin, Washington, USA. 
The global coho salmon and steelhead trout model includes the landscape attributes drainage 
area (A), precipitation (P), elevation (E), slope (S), wetland presence (W) and geology type (G) 
as fixed effect parameters. The global chum model includes (A), elevation (E), wetland presence 
(W) and geology type (G) as fixed effect parameters. Bolded model letter identifies the best 
model.

Species Model Landscape 
attributes K† PCC‡ AUC§ ΔAICc wi

Coho
A Global 10 0.78±0.02 0.87±0.01 0 0.65

B A+P+E+W+G 9 0.78±0.02 0.87±0.01 1.34 0.33

Steelhead
A Global 10 0.86±0.01 0.92±0.01 0 0.51

C A+E+S+W+G 9 0.87±0.01 0.94±0.01 0.09 0.49

Chum
B A+E+G 7 0.89±0.01 0.96±0.01 0 0.71

A Global 8 0.89±0.01 0.96±0.01 1.8 0.29

Note: Model results are ranked by AICc and Akaike weights (wi). Only candidate models with wi >0.05 are 
shown. The complete list of candidate models and model selection metrics are provided in Table S1.7.

†K is the number of estimated parameters; ‡PCC is the mean (±SD) percent correct classification from the 
200 cross validation iterations; §AUC is the mean (±SD) area under the receiver operating curve from the 200 
cross validation iterations.
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Supplemental material

Figure S1.1 Schematic of survey stream selection process for documenting the upper limit of 
occurrence for coho salmon, steelhead trout, and chum salmon in the Chehalis River Basin, 
Washington, USA. Known or presumed use was assessed using the Washington Department of 
Fish and Wildlife Statewide Integrated Fish Distribution dataset (WDFW, 2018), Water 
Resource Inventory Assessment Stream Catalog (Phinney & Bucknell, 1975), and knowledge 
from spawning ground surveys conducted in the basin. Generalized Random Tessellation 
Stratified (GRTS) sampling was used to select a subset of terminal streams for filter 3 (Stevens 
& Olsen, 2004).
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Figure S1.2 Schematic of a representative stream network that demonstrates the identification of 
terminal streams. Orange stream segments are terminal streams (labeled 1-5) and defined as an 
uppermost independent stream segment within a stream network. Purple stream segments in the 
network are non-terminal streams. Terminal streams were identified and extracted from the 
complete stream network in using ArcGIS geoprocessing tools and a Python script.
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Figure S1.3 Lateral upper limit of occurrence (ULO) boundary type schematic for coho salmon, 
steelhead trout, and chum salmon surveys in the Chehalis River basin, Washington, USA. Gray 
lines represent unsurveyed stream reaches (DNS: did not survey), blue lines represent surveyed 
stream reaches with target species occupancy, and red lines represent surveyed stream reaches 
with no target species occupancy. Panel A represents sampling of Stream A where Stream B has 
known target species occupancy. Panel B represents sampling of Stream A where Stream B has 
unknown target species occupancy.
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Figure S1.4 Mid channel upper limit of occurrence (ULO) boundary type schematic for coho 
salmon, steelhead trout, and chum salmon surveys in the Chehalis River basin, Washington, 
USA. Gray lines represent unsurveyed stream reaches, blue lines represent surveyed stream 
reaches with target species occupancy, and red lines represent surveyed stream reaches with no 
target species occupancy.
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Figure S1.5 Tributary junction upper limit of occurrence (ULO) boundary type schematic for 
coho salmon, steelhead trout, and chum salmon surveys in the Chehalis River basin, Washington, 
USA. Gray lines represent unsurveyed stream reaches (DNS: did not survey), blue lines 
represent surveyed stream reaches with target species occupancy, and red lines represent 
surveyed stream reaches with no target species occupancy
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Figure S1.6 The distance between predicted upper limit of occurrence and the observed upper limit of occurrence, i.e., error distance 
(m), along randomly selected stream profiles within the Chehalis River basin, Washington, USA for coho salmon (n=9000), steelhead 
trout (n=9500), and chum salmon (n=5500). Box plot displays the median, 25% quantile, and 75% quantile values. Whiskers represent 
±1.5 times interquartile range and individual dots represent outliers.
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Table S1.1 Habitat quality metrics for determining the inclusion of candidate terminal stream segments in the survey frame for coho 
salmon and steelhead trout in the Chehalis River basin, Washington, USA.

†Substrate particle size <1 mm will be considered fines (sand, silt, clay substrate classes defined by Cummings 1962).

Characteristic Impacts on fish use Passable threshold Reference

Riparian buffer

Increase stream temperatures, bank erosion, and 
sedimentation; decrease in food subsidies, large 
woody debris input; increase the magnitude and 
rate of change of high flow events.

Stream will be evaluated on the extent 
of existing riparian buffer. Stream 
segment must have ≥75% of existing 
buffer intact to be included as a survey 
segment.

Pollock et al. 
2005; Bartz et al.
2006; Beechie et
al. 2010

Edge habitat

Bank armoring and channelization reduces 
channel migration, habitat complexity and the 
formation of secondary channels. Influences 
rearing area habitat conditions.

Stream will be evaluated on the extent 
of natural edge habitat (i.e., no 
channelization, bank armoring).
Stream segment must have ≥50% of 
natural edge habitat intact to be 
included as a survey segment.

Poff et al. 1997;
Bartz et al. 2006

Substrate 
composition

Anthropogenic impacts often increase 
sedimentation and disruption of physical 
processes. Lack of a healthy riparian buffer can 
lead to streambed scouring. The deposition of 
fine sediment, increased turbidity, and scouring 
of the streambed alters spatial distribution of 
suitable habitat.

Stream segment must have substrate 
composition with ≤35% fines† or 
bedrock to be included as a survey 
segment.

Cummings 1962; 
Bartz et al. 2006
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Table S1.2 Criteria for locating the upper limit of occurrence (ULO) for coho salmon, steelhead trout, and chum salmon in the 
Chehalis River basin, Washington, USA. ULO will be determined once one or more criteria are satisfied after last observation of 
occurrence. Attributes described for complete permanent barrier represent maximum vertical height of a stream obstruction. An 
adequate plunge pool (depth is 1.25 times the height of obstruction) is required for successful upstream passage.

Criteria Coho Steelhead Chum Justification

Observation Life-stage/Type Fry/Smolt; Live Adult; Live, Dead, Redd Adult; Live, Dead

We used newly emerged coho 
salmon fry surveys as a proxy for 
adult coho spawning distribution 
due to the challenges of high 
water and low visibility that make 
adult surveys prone to error.

Distance no occurrence
observed 1 km 1 km 1 km

Fransen et al. (2006) used a 400 
m limit. We expanded this 
threshold to 1 km to account for 
patchiness in habitat use.

Gradient 20% 20% 15%

Determined based on swimming 
capabilities. Chum salmon 
gradient limits were adapted from 
Powers & Orsborn (1985). Coho 
salmon and steelhead trout 
gradient limits were adapted from 
WDFW fish passage barrier 
assessment criteria (WDFW, 
2009). Gradient must be 
continuous for ≥160 m (WDFW, 
2009).



Table S1.2, continued.

Complete permanent barrier 2.5 m 3.7 m 1.5 m

Based on leaping capabilities; 
requires adequate plunge pool 
depth (1:1.25), adapted from 
Powers & Orsborn (1985), Reiser 
et al. (2006), and WDFW fish 
passage barrier assessment 
criteria (WDFW, 2009).

Flow
No surface flow 

across entire 
channel width

No surface flow across 
entire channel width

No surface flow 
across entire channel 
width

Cessation of flow prevents 
upstream movement.

Bankfull width n/a <2m n/a

Bankfull width under 2 m for 
≥200 m is unsuitable for steelhead 
spawning and does not provide 
adequate area required for an 
average size steelhead trout redd 
(Bjornn & Reiser, 1991).
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Table S1.3 One-way analysis of variance results between geology type and standardized continuous landscape variables selected for 
analysis. Point-biserial correlation coefficient (rpb) values between wetland presence and standardized continuous landscape variables 
selected for analysis. Significant correlations (R>0.60) are in bold.

Abbreviations: BFW, bankfull width; WW, wetted width; WORK: elevation*distance

Species Covariate
Geology Wetlands

F Value P Value rpb

log10(Area) 107.8 <0.001 -0.09
Precipitation 151.9 <0.001 0.08

Elevation 336.1 <0.001 0.14

Coho Slope 91.5 <0.001 0.17
BFW 68.3 <0.001 -0.02
WW 90.9 <0.01 -0.05

Distance 185.3 <0.01 0.08
WORK 235 <0.01 0.13

log10(Area) 184.4 <0.001 0.00
Precipitation 137 <0.001 0.12

Elevation 571.2 <0.001 0.16

Steelhead Slope 220.4 <0.001 0.12
BFW 73.8 <0.001 0.07
WW 145.3 <0.01 0.03

Distance 548.2 <0.01 0.14
WORK 580 <0.01 0.16

log10(Area) 277.2 <0.001 0.09
Precipitation 113.3 <0.001 0.10

Chum Elevation 191.9 <0.001 0.02
Slope 119.6 <0.001 0.06
BFW 327.4 <0.001 0.10
WW 349.2 <0.001 0.07



Table S1.4 Cramer's V coefficient values between geology type and wetland presence 
covariates. Significant correlations (V>0.60) are in bold.

Species V
Coho 0.28

Steelhead 0.22
Chum 0.08
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Table S1.5 Spearman correlation coefficients (ρ) between each of the standardized continuous landscape variables selected for 
analysis. Results shown by species because the geographic scale of analysis changed among species. Significant correlations (ρ>0.60) 
are in bold.
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Species Precipitation Slope BFW WW Elevation Distance WORK log10(Area)

Coho

Precipitation 1 -0.07 0.12 -0.16 0.14 -0.26 -0.04 0.07

Slope 1 -0.31 -0.33 0.51 0.30 0.45 -0.47

BFW 1 0.94 0.15 0.31 0.22 0.83

WW 1 0.05 0.34 0.18 0.84

Elevation 1 0.74 0.95 -0.09

Distance 1 0.91 0.18

WORK 1 0.02

log10(Area) 1

Steelhead

Precipitation 1 0.05 0.39 0.08 0.26 -0.20 0.04 0.14

Slope 1 -0.45 -0.54 0.56 0.31 0.49 -0.59

BFW 1 0.93 -0.10 0.02 -0.07 0.89

WW 1 -0.25 0.05 -0.14 0.94

Elevation 1 0.73 0.95 -0.34

Distance 1 0.91 -0.06

WORK 1 -0.24

log10(Area) 1



Table S1.5, continued.

Precipitation 1 0.10 0.53 0.37 0.69 NA NA 0.30

Slope 1 -0.50 -0.59 0.53 NA NA -0.62

BFW 1 0.97 -0.12 NA NA 0.93

WW 1 -0.28 NA NA 0.98
Chum

Elevation 1 NA NA -0.37

Distance 1 NA NA

WORK 1 NA

log10(Area) 1

Abbreviations: BFW, bankfull width; WW, wetted width; WORK: elevation*distance
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Table S1.6 Summary of continuous landscape variables within and outside the population neighborhood of coho salmon, steelhead 
trout, and chum salmon in the Chehalis River basin, Washington, USA. Data are mean (±standard deviation).

Species Covariate

All Streams Without Natural Barriers

Within Outside Within Outside

Area (km2) 23.9 (±50.4) 3.2 (±5.5) 23.1 (±52.6) 2.9 (±5.5)

Coho
Precipitation (cm yr-1) 250.3 (±81.5) 245.4 (±74.2) 244.3 (±75.4) 237.4 (±68.9)

Slope (%) 2.4 (±3.2) 6.6 (±7.5) 2.4 (±3.3) 7.1 (±7.7)

Elevation (m) 129.8 (±90.9) 232.7 (±169.8) 123.9 (±85.8) 222.5 (±176.8)

Area (km2) 66.1 (±174.0) 6.3 (±7.8) 66.1 (±177.7) 6.2 (±7.8)

Steelhead
Precipitation (cm yr-1) 286.9 (±104.1) 301.0 (±111.0) 281.5 (±101.8) 295.7 (±110.4)

Slope (%) 1.2 (±1.9) 5.4 (±7.1) 1.2 (±1.9) 5.4 (±7.2)

Elevation (m) 134.4 (±93.8) 246.1 (±165.4) 129.8 (±91.8) 239.0 (±163.7)

Area (km2) 144.7 (±131.4) 17.4 (±23.7) 137.2 (±131.0) 19.1 (±24.6)

Chum
Precipitation (cm yr-1) 364.3 (±68.2) 378.5 (±92.9) 361.6 (±72.2) 383.7 (±96.5)

Slope (%) 0.7 (±1.0) 3.0 (±4.4) 0.6 (±0.9) 2.9 (±4.8)

Elevation (m) 74.5 (±39.3) 181.2 (±119.5) 76.0 (±40.6) 185.7 (±124.5)



75

Table S1.7 Global and reduced candidate models and model selection metrics for predicting population neighborhoods for coho 
salmon, steelhead trout, and chum salmon in the Chehalis River basin, Washington, USA. The global coho salmon and steelhead trout 
model includes the landscape attributes drainage area (A), precipitation (P), elevation (E), slope (S), wetland presence (W) and 
geology type (G) as fixed effect parameters. The global chum model includes (A), elevation (E), wetland presence (W) and geology 
type (G) as fixed effect parameters. The best model is bolded. Model results are ranked by AICc and Akaike weights (wi). K is the 
number of estimated parameters; PCC is the mean (±sd) percent correct classification from the 200 cross validation iterations; AUC is 
the mean (±sd) area under the receiver operating curve from the 200 cross validation iterations.

Species Model Landscape 
attributes k PCC AUC Deviance ΔAICc Wi

A Global 10 0.78±0.02 0.87±0.01 1512.31 0 0.65

B A+P+E+W+G 9 0.78±0.02 0.87±0.01 1515.67 1.34 0.33

C A+P+E+S 6 0.78±0.01 0.86±0.01 1567.22 46.83 0

D A+P+E+G 8 0.78±0.02 0.88±0.01 1524.03 7.67 0.01

E A+P+E+W 6 0.78±0.02 0.87±0.01 1560.21 39.81 0

Coho
F A+P+E 5 0.78±0.02 0.86±0.01 1571.37 48.96 0

G A+E 4 0.77±0.02 0.86±0.01 1615.03 90.61 0

H A+P 4 0.76±0.02 0.84±0.01 1729.67 205.25 0

I A 3 0.76±0.02 0.84±0.02 1740.02 213.6 0

J P+E 4 0.73±0.02 0.82±0.01 1809.67 285.26 0

K E 3 0.68±0.02 0.74±0.02 2031.98 505.55 0

L Null 2 0.60±0.02 0.63±0.02 2303.34 774.9 0

A Global 10 0.86±0.01 0.92±0.01 2829.55 0 0.51
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Table S1.7, continued.

C A+E+S+W+G 9 0.87±0.01 0.94±0.01 2831.65 0.09 0.49

D A+E+W+G 8 0.87±0.01 0.94±0.00 2843.45 9.88 0

B A+P+E+W+G 9 0.87±0.01 0.94±0.01 2841.78 10.22 0

E A+P+E+S 6 0.86±0.01 0.93±0.01 2860.47 22.89 0

I A+E 4 0.87±0.01 0.94±0.01 2874.48 32.89 0

Steelhead F A+P+E 5 0.87±0.01 0.94±0.01 2874.42 34.83 0

H A+P 4 0.86±0.01 0.92±0.01 3025.04 183.44 0

K A 3 0.84±0.01 0.91±0.01 3259.23 415.64 0

G P+E+S 5 0.81±0.01 0.89±0.01 3952.4 1112.81 0

J P+E 4 0.79±0.01 0.86±0.01 4230.86 1389.27 0

L Null 2 0.56±0.00 0.54±0.01 6245.87 3400.27 0

B A+E+G 7 0.89±0.01 0.96±0.01 1260.37 0 0.71

A Global 8 0.89±0.01 0.96±0.01 1260.16 1.8 0.29

D A+E 4 0.89±0.01 0.96±0.01 1279.69 13.29 0

Chum C A+E+W 5 0.88±0.01 0.96±0.01 1279.47 15.08 0

E A 3 0.85±0.01 0.92±0.01 1925.56 657.15 0

F E 3 0.75±0.01 0.85±0.01 2499.42 1231.02 0

G Null 2 0.63±0.00 0.53±0.02 3654.6 2384.19 0



Table S1.8 Coefficient estimates, standard error, and p-values of each fixed effect predictor 
variable in the best model for explaining population neighborhoods for coho salmon, steelhead 
trout, and chum salmon in the Chehalis River basin, Washington, USA. Significant p-values 
(>0.05) are in bold.

Species Covariate coefficient 
estimate

standard
error p-value

(Intercept) -0.35 0.32 0.27

log10(Area) 1.75 0.12 0.00

Precipitation 0.92 0.16 0.00

Elevation -1.51 0.21 0.00
Coho

Glacial 0.60 0.32 0.02

Sandstone 1.43 0.29 0.00

Alluvium 0.62 0.36 0.05

Wetland Presence -0.75 0.26 0.00

(Intercept) -4.77 0.39 0.00

log10(Area) 4.05 0.15 0.00

Slope -0.50 0.15 0.00

Elevation -1.62 0.11 0.00
Steelhead

Glacial -0.57 0.18 0.00

Sandstone -0.19 0.16 0.23

Alluvium -0.12 0.18 0.52

Wetland Presence 0.83 0.18 0.00

(Intercept) -2.24 0.67 0.00

log10(Area) 3.02 0.14 0.00

Elevation -3.75 0.21 0.00
Chum

Glacial 0.57 0.32 0.07

Sandstone -0.42 0.37 0.25

Alluvium 0.09 0.36 0.79
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Chapter 2 Incorporating risk-tolerance scenarios in model predictions to support decision

making in stream restoration2

2 Walther, E.J., M.S. Zimmerman, J.A. Falke, and P.A.H. Westley. (In prep). Incorporating risk
tolerance scenarios in model predictions to support decision-making in stream restoration. River 
Research and Applications.

Abstract

The fragmentation of aquatic habitat is an on-going threat to the persistence of freshwater 

fishes. Restoration efforts are impeded by knowledge gaps of fish distribution that may result in 

the omission of locations that would benefit from reconnection. The freshwater range of 

occurrence for anadromous fishes can be described by identifying the upper limits of occurrence 

within a dendritic stream network, where all habitat downstream is potentially used or transited 

through during an individual's life cycle. Here, we predicted the range of occurrence for three 

anadromous fish (Oncorhynchus spp.) in a heavily modified watershed in southwestern 

Washington State, USA using multiple probability decision thresholds (PDT) that represent 

varying levels of risk-tolerance. For each species, we compared the predicted range of 

occurrence to the distribution currently used for restoration planning, and quantified the amount 

of habitat that is currently inaccessible due to anthropogenic barriers. Species-specific 

generalized linear mixed models were fit to occurrence data collected from extensive field 

surveys and landscape attributes derived from remote sensing data. Probability decision 

thresholds ranging from 0.10 to 0.90 were used to categorize stream habitat as within or outside 

the predicted range of occurrence. The locations of anthropogenic barriers were obtained from a 

statewide barrier database and field observations. Coho salmon (O. kisutch) had the broadest 

predicted range of occurrence (2,095.3 km-8,090.4 km; 0.75-0.25 PDT), followed by steelhead 
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trout (O. mykiss; 1,397.0 km-3525.8 km) and chum salmon (O. keta; 828.8 km-2,512.0 km). 

Stream habitat within the predicted range of occurrence decreased by 60%-74% from high (0.10 

PDT) to low (0.90 PDT) risk tolerance scenarios among species. For each species, the predicted 

range of occurrence was similar or greater than the distribution currently used for restoration 

planning, suggesting that currently assumed distributions are biased low. The greatest 

discrepancy occurred for chum salmon (58% to 171% change) which are currently absent from 

an entire area of upper basin that may be suitable habitat based on our model and historical 

records. The length of stream habitat available for coho salmon (1% to 109% change) and 

steelhead trout (-14% to 34% change) also differed from stream habitat currently being included 

in restoration planning. Anthropogenic barriers impede access to 17.4%-28.8% of the predicted 

coho salmon range; 10.2%-17.5% of the predicted steelhead trout range, and 3.9%-12.3% of the 

predicted chum salmon range. Modelling species distributions at multiple risk tolerance risk

tolerance scenarios allows practitioners to weigh the ecological benefits and financial risks when 

prioritizing locations for restoration. The effective prioritization of restoration actions requires 

managers to recognize that not all actions will benefit each species of interest equally and that 

the likelihood of benefiting any given species varies among locations.
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Introduction

The fragmentation of freshwater habitat is a major threat to aquatic species persistence 

worldwide (Strayer & Dudgeon, 2010) and the restoration of connectivity is a major focus of 

conservation efforts (Roni & Beechie, 2013). Freshwater ecosystems are some of the most 

degraded from human activity (Jansson, Nilsson & Malmqvist, 2007) and extinction rates of 

aquatic species are five times greater than terrestrial biota (Bernhardt et al., 2005). 

Anthropogenic barriers, such as culverts, dams, and weirs, alter hydrological regimes 

(Magilligan & Nislow, 2005), disrupt sediment transport (Galia, Šilhán, & Skarpich. 2017; Yang 

et al., 2014), and temperature regimes (Maheu, St-Hilaire, Caissie & El-Jabi, 2016; Olden & 

Naiman, 2010), and limit the dispersal ability of aquatic organisms (Gido, Whitney, Perkin 

&Turner, 2016). Over half of the world's large river systems (mean annual discharge > 350 m3 s- 

1) are affected by dams (Nilsson, Reidy, Dynesius, & Revenga, 2005), and artificial barriers in 

smaller streams are ubiquitous across heavily modified landscapes (Meehan, 1991; O'Hanley, & 

Tomberlin 2005).

The life cycle of diadromous fishes includes migration between freshwater and marine 

ecosystems, making these species particularly vulnerable to habitat fragmentation (Arthington, 

Dulvy, Gladstone, & I. J. Winfield, 2016; Fagan, 2002; McDowall, 1992). These fishes are of 

immense cultural, economic, and ecological importance, yet across taxa many local populations 

are in decline or have been extirpated (Close, Fitzpatrick, &Li. 2002; Jacoby et al., 2015; 

Lichatowich, 2001). For example, Pacific salmon and trout (Oncorhynchus spp.) are of 

conservation concern across most of their range, particularly in the contiguous United States 

(Lichatowich, 2001; Penaluna et al., 2016). Current steelhead trout (O. mykiss) abundance in 

Puget Sound, Washington, USA rivers is estimated to be about 1-4% of the historical abundance 
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from over a century ago, which is tied to habitat loss and fragmentation (Gayeski, McMillan, & 

Trotter, 2011). Coho salmon (O. kisutch) populations are rapidly disappearing from streams in 

their southern range in the USA, and recovery plans are intended to prevent extinction 

prevention rather than re-build populations (Moyle, Katz, & Quinones, 2011). Similarly, 

Chinook salmon (O. tshawytsha) populations in California's Central Valley where annual adult 

returns were historically approximately 1-2 million, have been reduced currently to 

approximately 240,000 spawners (Yoshiyama, Moyle, Gerstung, & Fisher, 2000). Altered flow 

regimes and habitat fragmentation have reduced salmon life history diversity, increasing the 

variability in population abundance (Sturrock et al., 2020). In response to population declines, 

there has been extensive research and investment focused on the conservation and restoration of 

salmonid habitat (Flitcroft, Arismendi, & Santelmann, 2019; Katz, Barnas, Hicks, Cowen, & 

Jenkinson, 2007; Pess, Quinn, Gephard, & Saunders, 2014). However, restoration actions need to 

address the root causes of habitat degradation at an appropriate scale (Beechie et al., 2010).

Restoring habitat connectivity is a successful and cost-effective strategy for improving 

population viability by facilitating (re)colonization of newly accessible habitat (Pess et al., 

2014), increasing fish production (Roni et al., 2002), and increasing nutrient subsidies among 

ecosystems (Tonra, Sager-Fradkin, Morley, Duda, & Marra, 2015). For example, coho salmon 

colonized habitat in the Cedar River, Washington within one year of re-establishing connectivity 

(Anderson & Quinn, 2007), and reemergence of the anadromous life history was observed in bull 

trout (Salvelinus confluentus) in the years following removal of two dams on the Elwha River, 

Washington (Quinn, Bond, Brenkman, Paradis, & Peters, 2017). Immediate boosts to juvenile 

salmon population abundance have also been documented after the replacement of a partial 

instream barrier (Anderson et al., 2019). Previous studies have proposed methods for prioritizing 
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locations that would benefit most from reconnection (Cote, Kehler, Bourne, & Wiersma, 2009; 

Kraft, Rosenberg, & Null, 2019; McKay et al., 2020; O'Hanley, Wright, Diebel, Fedora, & 

Soucy, 2013), predicated on the quantity of suitable habitat for a given species. However, 

knowledge of the total amount of suitable habitat for a species across a watershed is often 

lacking because areas are too extensive and resources too limited to conduct comprehensive field 

surveys.

Species distribution models, developed from presence-only or presence-absence data 

associated with environmental and landscape gradients, are useful tools for predicting locations 

of suitable habitat (Elith & Leathwick, 2009). Modeling the full extent of freshwater habitat 

across life stages for a species provides a consistent and holistic spatial framework for 

conservation and restoration planning that can compensate for inevitable gaps in field data. For 

anadromous fishes, this can be determined by identifying the upper limit of freshwater 

occurrence (ULO) where all habitat downstream of the ULO is used for some combination of 

rearing, spawning, or migration and hereafter referred to as the range of occurrence. Species 

distribution models developed from binomial data (i.e., absent or present) require selection of a 

probability decision threshold (PDT) for a binary categorization of the output. Although it is 

common practice to use a single PDT for determining occupancy (Guillera-Arroita et al., 2015), 

decision makers would benefit from understanding how the results of a predictive model vary 

across different thresholds. The selection of a threshold can be motivated by what type of error 

researchers and practitioners are willing to assume with the prediction outputs, i.e., willingness 

to accept false positives or false negatives in model predictions (Olden, Vander Zanden, & 

Johnson, 2011). In the context of habitat restoration, practitioners are often confronted with the 

risk of potentially investing funds to connect habitats only to discover the newly connected areas 
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fall outside the suitable range of occurrence of the target species and thus go unused. For this 

study, we will consider the selection of low PDT values that include more false positive 

predictions to be high risk-tolerant and the selection of high PDT values that include more false 

negatives to be low risk-tolerant.

When evaluating how to invest limited resources for salmon restoration, there is a need to 

weigh potential ecological benefits of restoring a given location against the risk that funds will 

be spent only to have salmon not use the restored habitat, especially if it is outside the range of 

suitability. While stakeholder groups engaged in habitat restoration generally share the goal of 

improving their local watershed (Leach, Pelky, & Sabatier, 2002), groups may diverge in 

preferred strategies (Nost, Robertson, & Lave, 2019). For example, one group may prioritize 

reconnecting the greatest quantity of habitat (i.e., high risk tolerance) and another group may 

want to prioritize the reconnection of habitat that has the greatest likelihood of occupancy (i.e., 

low risk tolerance). The ability to describe species distributions at multiple levels of risk

tolerance will allow diverse groups of decision makers to consider investments in restoration 

actions at select locations.

In this paper, we estimate the quantity of suitable freshwater habitat based across a range 

of risk-tolerance scenarios for three anadromous fish species in a large, diverse coastal watershed 

in southwestern Washington, USA. Based on life-history-based first principles (Bjornn & Reiser 

1991; Quinn, 2018), we hypothesize that coho salmon (Oncorhynchus kisutch) will demonstrate 

the greatest range of occurrence, chum salmon (O. keta) the most contracted, and steelhead trout 

intermediate between the two. Similarly, we predict that coho salmon will gain the most total 

habitat from barrier correction or removal, followed by steelhead trout, then chum salmon. Our 

objectives were to (i) predict the range of occurrence for coho salmon, steelhead trout, and chum 
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salmon using multiple probability decision thresholds that represent different levels of risk

tolerance, (ii) compare the amount and locations of predicted freshwater habitat to the 

distribution currently used for restoration planning, and (iii) quantify the amount of potential 

habitat that is currently inaccessible due to anthropogenic barriers.

Methods

Study area

The Chehalis River basin in Washington state, USA is a large, coastal watershed draining

6,889 km2, with a complex river network that extends over 18,500 river kilometers (Figure 2.1).

This watershed supports populations of five anadromous salmonid species—Chinook salmon, 

chum salmon, coho salmon, steelhead trout, and coastal cutthroat trout (O. clarkii)—of 

economic, cultural and ecological importance. None of these salmonid populations in the basin 

are listed under the U.S. Endangered Species Act (United States, 1973). However, the basin 

contains designated critical habitat for, yet no known spawning population of, bull trout which 

occur as both anadromous and resident forms in Washington coastal rivers and are listed as 

threatened throughout the contiguous United States under the U.S. Endangered Species Act.

The Chehalis River basin is the traditional lands and fishing grounds of the Chehalis

Tribe and Quinault Indian Nation who have sustainably managed salmon for millennia, yet in 

just the last century of western colonization, agriculture, forestry, and urbanization has highly 

fragmented the river network, which is tied to precipitous declines in salmon abundance in 

addition to direct harvest. There are over 1,737 anthropogenic barriers present along the river 

network that currently impede fish passage (C. Roler, WDFW, personal communication). 

Freshwater habitat and fish migration are further impacted by large dams on two major
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tributaries, one of which does not provide any fish passage. The main stem river is free flowing 

with no anthropogenic barriers.

Predictive model development

Predictive models for species-specific ULO locations were derived as a function of 

landscape attributes. Details on methods for model development and data collection are 

described in Chapter 1. In brief, data on fish occurrence were collected with spatially continuous 

sampling in terminal streams that were without overt habitat degradation or anthropogenic 

fragmentation. The ULOs were documented in 115 coho salmon terminal streams, 97 steelhead 

trout terminal streams, and 57 chum salmon terminal streams. Landscape attributes were derived 

from remote sensing data and included drainage area, mean annual precipitation, slope, 

elevation, underlaying geology, and wetland presence. Each sub-basin was based on United 

States Geological Survey Hydrological Unit Codes at the level 10-scale (Seaber, Kapinos, & 

Knapp, 1987) and included as a random effect to account for spatial autocorrelation among sub

basins. The field-documented ULO locations and landscape attribute values were joined to ~200 

m reaches that were segmented from the 1:24,000-scale NHD High Resolution hydrology stream 

vector (USGS, 2013). For each focal species, we fit the data with a generalized linear model with 

a binomial distribution and logit link using the ‘lme4' package in Program R (Bates, Machler, 

Bolker, & Walker, 2014). This analysis provides a probabilistic prediction, P, of a stream reach 

being within the range of occurrence. For coho salmon:

logit (yi) = -1.00 + 2.48X1 + 1.15X2 - 1.47 X3 - 0.75Wet

+ 0.60Geo1 + 1.43Geo2 + 0.62Geo3 +

where, X1 is log10(drainage area), X2 is mean annual precipitation, X3 is elevation, Geo1 is glacial 

geology, Geo2 is sandstone geology, Geo3 is alluvium geology, Wet is wetland presence, and ak 
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where, X1 is log10(drainage area), X2 is slope, X3 is elevation, Geo1 is glacial geology, Geo2 is

sandstone geology, Geo3 is alluvium geology, and ak is the normally distributed random

intercept coefficient for sub-basin k (Table S2.1). For chum salmon:
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is the normally distributed random intercept coefficient for sub-basin k (Table S1). For steelhead 

trout:

where, X1 is log10(drainage area), X2 is elevation, Geo1 is glacial geology, Geo2 is sandstone 

geology, and Geo3 is alluvium geology. Two alterations to the modelling described in Chapter 1 

were needed to successfully implement the predictive models across the basin. First, continuous 

covariates for each model were z-score standardized using values across all stream reaches in the 

basin rather than just those in the surveyed reaches in order to allow for extrapolation to stream 

reaches outside of the training dataset. Second, we were not able to use a mixed model structure 

for chum salmon because occurrence data were not available from each sub-basin, thus a fixed 

effect-only model structure was used.

Predicting the ULO locations

The range of occurrence for each species was defined by the cumulative set of ULOs for 

multiple stream segments across the basin. A stream segment represents a complete stream 

profile from origin to confluence with a larger stream segment. Within the stream segments, 

stream reaches were approximate 200 m sections of stream for which the predicted probability



values were calculated. We evaluated three different approaches to predict the ULO location for 

each stream segment: 1) single-reach approach; 2) neighborhood suitability approach; and 3) 

upstream suitability approach. These approaches were evaluated to control for error in the 

derivation of landscape attributes and increase the accuracy of the predicted ULO location. If 

there were no ULOs predicted along the stream segment, then the entire stream segment was 

considered outside the range of occurrence for the focal species.

The single-reach approach predicted the ULO location by identifying the downstream 

reach of the stream segment where the predicted probability of all consecutive downstream 

reaches exceeded the PDT. The farthest upstream individual reach within this section was 

designated as the predicted ULO location. In contrast, the neighborhood suitability approach 

predicted the ULO location using two values associated with each stream reach: 1) the predicted 

probability of an individual stream reach (P), and 2) the mean predicted probability of 

neighboring stream reaches (NP) for each stream reach. To calculate NP, a neighborhood was 

defined using the 'Neighborhood' toolkit in ArcMap 10.4.1., and each neighborhood included 

stream reaches with a one-kilometer radius from the focal stream reach. The one-kilometer 

radius was selected to align with field survey protocols. When predicting the ULO along each 

stream segment, we first identified the downstream reach of the stream segment where the 

predicted probability P of all consecutive downstream reaches exceeded the PDT. Next, we 

considered the mean neighborhood probability NP of each subsequent upstream stream reach, 

and identified the last consecutive upstream reach where NP exceeded the PDT. This location 

was designated as the predicted ULO location.

The upstream suitability approach also predicted the ULO location using two values 

associated with each stream reach: 1) the predicted probability of an individual stream reach (P), 
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and 2) averaged P across five consecutive reaches upstream of a focal stream reach 

(approximately 1 km), or to the stream origin if fewer than five upstream stream reaches (UP) 

were present. When predicting the ULO along each stream segment, we first identified the 

downstream reach of the stream segment where the predicted probability P of all consecutive 

individual reaches exceeded the PDT. Next, we considered the mean upstream probability UP of 

each subsequent upstream stream reach, and identified the last consecutive upstream reach where 

UP exceeded the PDT. This location was designated as the predicted ULO location.

We calculated the error distance between the observed and predicted ULO for each 

method to determine which approach was the most accurate. The error distance was calculated 

by removing 20% of the stream profiles as test data, fitting the model to the remaining training 

data, predicting the probability that individual stream reaches in the test data set were within the 

range of occurrence, and calculating the difference between the observed and predicted ULO 

reaches in the test data set. This process was repeated 500 times with replacement to calculate 

the distribution of error distances. The upstream suitability method had lowest median error 

distance among the three approaches and was therefore used to predict the basin-wide range of 

occurrence for each species.

Predicting range of occurrence across multiple probability decision thresholds

Prior to predicting the range of occurrence, a unique stream network was developed for 

each species. All stream reaches upstream of documented species-specific permanent natural 

barriers (e.g., cascades, waterfalls) were removed. Probability values (P) and the 95% prediction 

intervals (PI) were calculated for each stream reach and the upstream suitability method was 

used to predict the location of the ULO for individual streams in the stream network for each 

species. Total habitat quantity (km) for each species was calculated based on the summed lengths 
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of stream reaches downstream of the ULOs for each stream profile. We calculated the total 

quantity of habitat within the range of occurrence using multiple PDTs, from 0.10 to 0.90 at 0.05 

intervals. The range of PDTs represent a tradeoff between the certainty that a given stream reach 

provides salmonid habitat and that all streams with potential salmon habitat are included in the 

predicted range of occurrence. The range of occurrence derived from higher PDT values includes 

stream reaches most likely to be used by salmon but excludes more stream reaches with potential 

salmon habitat; this scenario represents low risk-tolerance for decision-makers. The range of 

occurrence derived from lower PDT values includes more streams with potential salmon habitat 

but also includes stream reaches that are less likely to be used by salmon; this scenario represents 

high risk-tolerance for decision-makers. For the remainder of the analysis, three representative 

PDT values were used to reflect high risk-tolerant (0.25), moderate risk-tolerant (0.50), and low 

risk-tolerant (0.75) scenarios.

Comparing the predicted range of occurrence and currently described distribution

The predicted range of occurrence was compared to the currently described distribution 

for each species. The currently described distributions used for this analysis are the basis for 

habitat restoration planning ongoing in the basin (Chehalis Basin Strategy, 2020) as well as 

fishery management stock assessments. Current distributions for each species of interest were 

obtained from the Statewide Washington Integrated Fish Distribution database (SWIFD, 

Washington Department of Fish and Wildlife, 2018), which assigns fish use of each stream as 

either documented (i.e., locations where species has been observed) or presumed (i.e., location 

where occupancy is based on professional opinion of local habitat suitability). To compare the 

predicted range of occurrence to the currently described distribution, we calculated the difference 

between the total stream lengths described in SWIFD and our modeled range of occurrence (PDT 
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values of 0.25, 0.50, and 0.75) and mapped the spatial overlay of streams that were included in i) 

the predicted range of occurrence only, ii) currently described distribution only, and iii) shared 

between the two distributions.

Quantifying impacts of anthropogenic barriers to fish passage

Locations of anthropogenic barriers to fish passage (e.g., culverts, dams, non-culvert road 

crossings; n=1,737) were obtained from the Washington Department of Fish and Wildlife's Fish 

Passage and Diversion Screening Inventory database 

(https://fortress.wa.gov/dfw/public/PublicDownload/habitat/FishPassage/ ) and were projected 

and joined to the GIS stream network for each species. Only structures listed in the database that 

impeded fish passage (i.e., less than 100% passability) were included in the analysis. To 

determine the amount of species-specific habitat upstream of each barrier, we used ArcGIS 

geoprocessing tools to delineate the contributing drainage area upstream of each barrier location 

and extracted the length of streams included in the species-specific range of occurrence within 

that defined drainage area. The predicted range for each species was determined using three 

representative PDT values (0.25, 0.50, and 0.75). To determine the total amount of habitat 

predicted to be blocked by anthropogenic barriers, we filtered the entire list of barriers to those 

locations that had unrestricted downstream access to the mouth of the river network (n=858). 

The amount of upstream habitat associated with the filtered barrier dataset was summed in order 

to avoid replicate counting of habitat associated with multiple barriers in the same drainage area.

Results

Predicting range of occurrence across multiple probability decision thresholds

The number of stream kilometers included in the predicted range of occurrence was 

highest for coho salmon and lowest for chum salmon, and the predicted range of occurrence 
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decreased as the PDT increased for all species (Figure 2.2). The mean predicted range of 

occurrence for coho salmon was 4,531.9 km (95% PI: 3,339.0, 5985.0 km) based on a 0.5 PDT, 

and there was a 71.2% (4,529.2 km) change between the range of occurrence predicted based on 

a 0.25 versus 0.75 PDT . The mean predicted range of occurrence for steelhead trout was 2,290.2 

km (95% PI: 1,958.4, 2,670.3 km) based on a 0.5 PDT, and there was a 35.5% (1,008.0 km) 

change between the range of occurrence predicted based on a 0.25 versus 0.75 PDT. The mean 

predicted range of occurrence for chum salmon was 1,491.7 km (95% PI: 1,372.2, 1,627.3 km) 

based on a 0.5 PDT, and there was a 71.8% (825.4 km) change between the range of occurrence 

predicted based on a 0.25 versus 0.75 PDT (Table S2.2).

Comparing the predicted range of occurrence and the currently described distribution

For coho salmon, there was a 1% to 109% increase in stream habitat identified by the 

predictive models compared to the currently described distribution across the low (0.75 PDT) to 

high (0.25 PDT) risk tolerance scenarios (Figure 2.3). Stream habitat identified by predictive 

models overlapped with 76-93% (0.75-0.25 PDT) of the currently described range. The 

predictive model identified 746.5-3,529.4 km (0.75-0.25 PDT) of potential habitat not 

recognized in the currently described distribution and the currently described distribution 

recognized 209.1-722.6 km (0.25-0.75 PDT) of habitat not identified by the predictive model. 

(Table 2.1; Figure 2.4).

For steelhead trout, there was a 14% decrease to 34% increase in stream habitat identified 

by the predictive models compared to the currently described distribution across the low (0.75 

PDT) to high (0.25 PDT) risk tolerance scenarios (Figure 2.3). Stream habitat identified by 

predictive models overlapped with 70-87% (0.75-0.25 PDT) of the currently described range. 

The predictive model identified 341.5-993.7 km (0.75-0.25 PDT) of potential habitat not 
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recognized in the currently described distribution and the currently described distribution 

recognized 273.8-629.6 km (0.25-0.75 PDT) of habitat not identified by the predictive model. 

(Table 2.1; Figure 2.5).

For chum salmon, there was a 58% to 171% increase in stream habitat identified by the 

predictive models compared to the currently described distribution across the low (0.75 PDT) to 

high (0.25 PDT) risk tolerance scenarios (Figure 2.3). Stream habitat identified by predictive 

models overlapped with 78-93% (0.75-0.25 PDT) of the currently described range. The 

predictive model identified 580.8-1,300.9 km (0.75-0.25 PDT) of potential habitat not 

recognized in the currently described distribution and the currently described distribution 

recognized 54.1-159.5 km (0.25-0.75 PDT) of habitat not identified by the predictive model. 

(Table 2.1; Figure 2.6).

Quantifying the amount of currently inaccessible habitat

Among the three species, we predicted that anthropogenic barriers are currently impeding 

access to 603.3 km (0.75 PDT) to 2,008.6 km (0.25 PDT) of stream habitat in the Chehalis 

Basin. Only 2% to 8% (n=27 to 132; 0.75-0.25 PDT) of the barriers impacted all three species, 

whereas 15% to 44% (n=269 to 759; 0.75-0.25 PDT) of the barriers impacted only a single 

species. The amount of habitat blocked by anthropogenic barriers was greatest for coho salmon 

and lowest for chum salmon, and the predicted amounts of inaccessible habitat increased as the 

PDT decreased for all species. In addition, the amount of habitat associated with an individual 

barrier varied widely for all species. (Table 2.2). For coho salmon, we predicted that between 

17.4% (532.3 km, 0.75 PDT) and 28.8% (1,832.4 km, 0.25 PDT) of potential stream habitat is 

currently blocked by anthropogenic barriers (n=348 to 1,062) with the median amount of stream 

habitat attributed to an individual barrier ranging from 1.2 km (0.75 PDT) to 1.3 km (0.25 PDT).
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For steelhead trout, we predicted that between 10.2% (186.1 km, 0.75 PDT) and 17.5% (496.2 

km, 0.25 PDT) of potential stream habitat is currently blocked by anthropogenic barriers (n=110 

to 301) with the median amount of stream habitat attributed to an individual barrier ranging from 

1.3 km (0.75 PDT) to 1.4 km (0.25 PDT). For chum salmon, we predicted that between 3.9% 

(44.4 km, 0.75 PDT) and 12.3% (243.7 km, 0.25 PDT) of potential stream habitat is currently 

blocked by anthropogenic barriers (n=30 to n=184) with the median amount of stream habitat 

attributed to an individual barrier ranging from 0.4 km (0.75 PDT) to 1.1 km (0.25 PDT).

Discussion

In this paper, we predicted the range of occurrence for three culturally and ecologically 

important anadromous fish species across a heavily modified, complex river network in 

southwestern Washington, USA. We demonstrated that modelling species-specific distributions 

based on empirical data can narrow known critical data gaps and can account for probabilities 

associated with the modeled results by presenting species distributions as risk-tolerant scenarios. 

The variability in model outputs across risk-tolerance scenarios differed among species, 

reflecting differences in habitat requirements and availability. In general, predictive models 

included a similar or greater amount of habitat than the currently described distributions, and this 

difference occurred even for the low risk-tolerant scenario. Thus, restoration practitioners may be 

currently missing potential habitat that could benefit from restoration when basing decisions on 

the currently described distribution. As expected, species with a greater range of occurrence had 

more habitat blocked by anthropogenic barriers, and the locations of inaccessible habitat varied 

among species. Thus, not all restoration actions will have equal benefits for each species of 

interest, making the trade-off based decisions by practitioners all the more difficult.
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The risk for practitioners when estimating the amount of newly accessible habitat 

following restored connectivity is a trade-off between potentially overlooking habitat that might 

be used and the probability that the newly accessible habitat is suitable. For example, if $2 

million were invested in a culvert correction project at a hypothetical location, the estimated 

quantity of habitat and associated cost per kilometer of the newly accessible suitable habitat 

would differ depending the risk tolerance of the practitioner. Evaluating the benefits of restoring 

connectivity at a hypothetical location under a low risk-tolerance scenario would provide access 

to 10 km of habitat that has a high probability of use at a cost of $200,000 per km. However, 

estimating the potential amount of restored habitat under this low risk-tolerance scenario would 

overlook upstream habitat that has some probability of use. In comparison, when evaluating the 

same hypothetical location under a higher risk-tolerance scenario, the investment would provide 

access to 15 km of habitat at a cost of $133,333 per km, though there is a lower probability that 

all the newly accessible habitat may be suitable. Similar to the scenario presented above, the 

evaluation of cost effectiveness based on the amount of habitat upstream of a project site and 

project cost was conducted during restoration planning in the Skagit River drainage, WA, but the 

quantity of upstream habitat was based on single estimate (Pess et al., 2003). While salmonids 

are commonly observed to recolonize habitat soon after barrier removal (Anderson et al., 2015; 

Erkinaro, Erkinaro, & Niemela, 2017; Roni et al, 2008), successful recolonization of newly 

accessible habitat is not ubiquitous (Clark, Roni, Keeton, & Pess, 2020). The estimated 

ecological benefits from restoring connectivity at a location are going to vary depending on the 

level of risk a practitioner is willing to take, which may affect comparisons among locations that 

are being considered for restoration.
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The magnitude of change in the total quantity of available habitat across risk-tolerance 

scenarios differs among species, which suggests that species-specific decision thresholds should 

be considered. Coho salmon had the greatest change in the estimated range of occurrence across 

risk-tolerance scenarios among species. The broad range of landscape attributes within the coho 

salmon range of occurrence (Chapter 1) likely influences the sensitivity of this species to the 

selected probability decision threshold. Coho salmon use smaller headwater streams for 

spawning that have greater variability in local habitat conditions (Bisson, Dunham., & Reeves, 

2009) compared to the stream habitat used by other anadromous salmonids (Bjornn & Reiser, 

1991). Access to small tributary streams is facilitated by fall seasonal precipitation that increases 

stream flows and coincides with coho salmon fall spawning migrations (Sandercock, 1991). 

Steelhead trout and chum salmon are less broadly distributed across the landscape, thus the 

magnitude of change in available habitat among risk-tolerance scenarios is smaller. Steelhead 

trout spawn during the spring when stream flows are declining which may restrict their range of 

occurrence to larger streams that provide adequate depth for egg incubation and juvenile rearing 

(Chapter 1). The restricted range of occurrence for chum salmon may reflect the weaker 

swimming and leaping abilities of this species (Powers and Osborn 1985), and the location of 

preferred spawning habitat (e.g. braids, side channels, and sloughs; Connor & Pflug, 2004; Wirth 

et al., 2012) that occur in the broad and unconstrained river valleys lower in the stream network 

of the Chehalis River basin.

Our results suggest that knowledge of the current distribution alone, whether based on 

documented field observation or professional opinion, may restrict restoration planning to a 

fraction of the total potential habitat that the species would use once restored. The spatial 

template provided by our models represents the range of occurrence for each species in the 
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absence of anthropogenic fragmentation and overt habitat degradation. Thus, it is not surprising 

that the model predictions include a greater quantity of suitable habitat. There are multiple 

species-dependent and shared drivers for the difference between the current described 

distribution and the predicted range of occurrence. Like other salmonid populations across the 

Pacific Northwest (Lichatowich, 2001), the overall abundance of each focal species has declined 

from historical numbers. Thus, density-dependent mechanisms may contribute to the reduced 

spatial extent of habitat within the currently described distribution (Finstad, Sættem, & Einum, 

2013). Lower abundance also reduces the likelihood of documenting occurrence in the field 

(especially if there is limited monitoring outside of known core habitat areas) and constrains the 

spatial extent within the current described distribution.

Habitat use and life history are possible factors that contribute to the difference between 

the current described distribution and the predicted range of occurrence. Coho salmon 

distribution is associated with a broad range of landscape attributes (Chapter 1) and the species is 

widely distributed across the Chehalis River basin. This makes it particularly challenging to 

observe all potential habitat in the field and may contribute to the disparity between the current 

described distribution and the predicted range of occurrence. Unlike Pacific salmon, anadromy is 

not an obligate life history trait for steelhead trout. One possible mechanism for the contraction 

of the current described distribution of anadromous steelhead trout compared our predictions is a 

reduced expression of the anadromous life history due to prevalence of anthropogenic barriers 

across the basin (Apgar, Pearse, & Palkovacs, 2017). However, little is known about the range, 

abundance, and population dynamics of the freshwater resident life history form of steelhead 

trout in the Chehalis River basin.

96



The quantity of suitable habitat upstream of anthropogenic barriers varied among coho 

salmon, steelhead trout, and chum salmon, which suggests that the removal or modification of 

anthropogenic barriers to allow passage will not benefit all species equally. Not surprisingly, 

anthropogenic barriers limit access to more potential habitat for species that are more broadly 

distributed and have longer periods of freshwater residency. In the Stillaguamish River, the 

removal of culverts led to an increase in coho salmon parr abundance that was seven times 

greater than that of steelhead trout parr (Roni, Pess, Beechie, & Morley 2010). The impact of 

anthropogenic barriers on steelhead trout distribution may be less in the Chehalis River basin 

compared to other watersheds in the Pacific Northwest. Compared to the Chehalis River basin, 

more than twice the percentage of steelhead trout habitat was estimated to be blocked by 

anthropogenic barriers in the Willamette River basin (Steel et al., 2004). Barrier removal has 

provided significant benefit toward chum salmon restoration in Japanese watersheds 

(Fukushima, Kameyama, Kaneko, Nakao, & Steel, 2007; Nakamura & Komiyama, 2009). 

Unfortunately, there has been minimal effort to evaluate the potential impacts of anthropogenic 

barriers on chum salmon freshwater distribution across their North American range (e.g., Sol, 

Hanson, Marcoe, & Johnsom, 2019).

Although chum salmon had the greatest difference in the quantity of habitat between the 

predicted and current described distributions among our focal species, this discrepancy is 

unlikely to be explained by anthropogenic barriers. Among the focal species, chum salmon had 

the least amount of habitat blocked by anthropogenic barriers and much of the difference 

between the predicted range and currently described distribution occurred in the upper basin 

were the main stem Chehalis River becomes channelized. While there currently are not large 

numbers of chum salmon observed in the upper basin (C. Holt, Washington Department of Fish 
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and Wildlife, personal communication), local knowledge of historical chum salmon distribution 

in this area corroborates with our model predictions (Phinney & Bucknell, 1975; Ronn Schuttie, 

Onalaska, WA resident, personal communication). In the Chehalis River basin, chum salmon 

may benefit more from other types of restoration efforts (e.g., restoring protected side channel 

habitats that increase survival during incubation, non-native predator suppression). It is likely 

given what is known about chum salmon life history (Salo, 1991) and freshwater survival rates 

(Bradford, 1995) that population recovery may be particularly vulnerable to freshwater habitat 

conditions (Hartman, Scrivener, & Miles, 1996). The channelization of streams increases stream 

velocity and reduces groundwater upwelling (Hancock, 2002) that provides thermally suitable 

habitat for chum salmon egg incubation (Geist et al., 2002). Predation on small-bodied, out- 

migrating juveniles (Hunter, 1959), high intensity peak stream velocities during egg incubation 

(Weinheimer, Anderson, Downen, Zimmerman, & Johnson, 2017), and asynchronous emergence 

and outmigration timing with optimal marine conditions (Weinheimer et al., 2017) are additional 

biotic and abiotic factors that may contribute to lower survival rates and observed range 

contraction for the species; these issues warrant further research.

There are assumptions and limitations to our study that warrant recognition. Our 

predictive models attempted to control for overt anthropogenic impacts on habitat quality 

(Chapter 1), but over a century of landscape alteration (e.g., urbanization, agriculture, forestry) 

across the basin has likely influenced the stream habitat identified as within the range of 

occurrence. Moreover, salmonid population abundance in the Chehalis is much lower than 

historic abundances, which influences the extent to which salmonids are distributed across the 

landscape (Isaak & Thurow, 2006; Jacobs, Thurow, Buffington, Isaak, & Wenger, 2021). Our 

model predictions were fit using observations under contemporary abundances which may result 
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in an underestimation of the range of occurrence compared to when population abundances were 

larger. We only considered the anadromous life history of steelhead trout and would expect a 

broader range of occurrence for O. mykiss if both the resident (non-anadromous) and 

anadromous life history forms, which are often functionally connected (Kendall et al., 2015), 

were considered in this study. Our predictive models represent a temporal snapshot and the range 

of occurrence may possibly change among years; longer monitoring is required to evaluate how 

interannual variability in abundance and environmental conditions may shape species-specific 

range of occurrences (Cram et al., 2017). For all species, conducting on-the-ground surveys that 

confirm fish occupation of stream habitat within the currently described distribution but not 

within the modelled range of occurrence could illuminate characteristics of these locations that 

are not well represented by the selected landscape attributes and may help refine future 

predictive models.

Despite the limitations, our work demonstrates an approach that provides practitioners 

species-specific quantities of habitat, in comparison to continuous probability estimates, at 

specific locations that represent different risk-tolerance scenarios for flexible restoration 

planning (Walpole, Toman, Stidham, & Wilson, 2020). Models that predict across broad 

geographic ranges are useful for illuminating the broader scope of a problem and identifying 

regions for further investigation, but do not necessarily direct specific restoration efforts 

(Buddendorf et al., 2019). Regression methods are widely used by ecologists to predict species 

distributions across aquatic habitat (Doi et al., 2017; Elith & Leathwick 2009; Falke, Dunham, 

Jordan, McNyset, & Reeves, 2013; Fransen, Duke, McWethy, Walter, & Bibly 2006; Hein, 

Ohlund, & Englund, 2011; Steel et al., 2004) and estimate how species may respond to the 

reconnection of habitat (Perkin et al., 2015; Steele et al., 2004). Many predictive models that aim 
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to prioritize restoration efforts focus on a single life stage for a single species (Anlauf-Dunn, 

Ward, Strickland, & Jones, 2014; Kraft et al., 2019; Steel et al., 2004), or focus on economic 

trade-offs (Kraft et al., 2019; O'Hanley et al., 2013). Communicating species-specific benefits of 

fish barrier correction projects as a set of risk-tolerance scenarios helps to bridge the gap 

between restoration science and practice, and provides practitioners greater flexibility in decision 

making (Beechie, Pess, Roni, & Giannico, 2008; Cabin, Clewell, Ingram, McDonald, & 

Temperton, 2010). Restoring connectivity to heterogenous habitat that supports various life 

stages is critical for supporting ecological processes that maintain (meta)population viability 

(Fausch, Torgersen, Baxter, & Li, 2002; Hanski & Gilpin, 1991; Pess et al., 2014) and life 

history diversity (Brenkman et al., 2008; Hodge, Wilzbach, Duffy, Quinones, & Hobbs, 2015). 

However, limited funds often inhibit the ability to reconnect and restore all habitats in large 

watersheds. A comprehensive framework for describing species-specific benefits, such as that 

developed in this study, will help guide conservation and management actions toward locations 

where reconnecting habitat will have the greatest impact.
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Figure 2.1 Map of the Chehalis River basin, Washington, USA showing the locations of known 
anthropogenic barriers to fish passage. The Wynoochee Dam (47.385346, -123.605597) allows 
partial fish passage, and the Skookumchuck Dam (46.782845, -122.718612) does not allow fish 
passage. Artificial barriers include all documented small dams, culverts, and road crossings that 
impede fish access (n=1,737). The main stem Chehalis River is bolded in blue, and sub-basins 
used as a random effect in the analysis are demarcated with a black outline.
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Figure 2.2 The amount of predicted habitat within the range of occurrence for coho salmon 
(pink), steelhead trout (gray), and chum salmon (purple) using probability decision thresholds 
ranging from 0.1 to 0.9 in the Chehalis River basin, Washington, USA. Error bars represent the 
95% prediction interval range in total amount of predicted habitat. A summary table containing 
model output values is located in the supplemental material (Table S2.2).
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Figure 2.3 The difference between the predicted range of occurrence and currently described
distribution for coho salmon (pink), steelhead trout (gray), and chum salmon (purple) in the 
Chehalis River basin, Washington, USA. Plot shows the difference as a percent change from the 
currently described distribution under three probability decision thresholds. The currently 
described distribution is represented by the vertical black dashes line. Error bars represent the 
95% prediction interval range in total amount of predicted habitat.
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Figure 2.4 Distribution of coho salmon in the Chehalis River basin, Washington, USA based on 
the modeled range of occurrence (0.50 probability determination threshold) and the current 
distribution used for restoration planning. The portions of the stream network with shared spatial 
overlap between the two distributions are in green; the portion of the stream network within the 
range of occurrence only identified by the prediction model are in pink; and the portion of the 
stream network only included within the currently described range is in yellow.
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Figure 2.5 Distribution of steelhead trout in the Chehalis River basin, Washington, USA based 
on the modeled range of occurrence (0.50 probability determination threshold) and the current 
distribution used for restoration planning. The portions of the stream network with shared spatial 
overlap between the two distributions are in green; the portion of the stream network within the 
range of occurrence only identified by the prediction model are in pink; and the portion of the 
stream network only included within the currently described range is in yellow.
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Figure 2.6 Distribution of chum salmon in the Chehalis River basin, Washington, USA based on 
the modeled range of occurrence (0.50 probability determination threshold) and the current 
distribution used for restoration planning. The portions of the stream network with shared spatial 
overlap between the two distributions are in green; the portion of the stream network within the 
range of occurrence only identified by the prediction model are in pink; and the portion of the 
stream network only included within the currently described range is in yellow.
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Table 2.1 Summary of the comparison between the amount of habitat (km) identified by the predictive model range of occurrence and 
the currently described distribution used in restoration planning in the Chehalis River basin, Washington, USA. Metrics include the 
difference in the quantity of stream habitat between the two distributions, quantity of stream habitat shared between the two 
distributions, quantity of habitat identified only by the predictive model, the amount of habitat identified only by the currently 
described distribution, and the total quantity of habitat within the predicted range. Results are based on three probability decision 
thresholds (PDT) prediction reflecting high risk-tolerance (0.25 PDT), moderate risk-tolerance (0.50 PDT), and low risk tolerance 
(0.75 PDT) scenarios.

Species PDT Change (%)1 Spatial 
overlap Prediction only Current only Total predicted 

range
0.25 3,320.3 (109.3) 2,828.6 3,529.4 209.1 6,357.9

Coho 0.5 1,494.3 (49.2) 2,625.8 1,906.1 411.9 4,531.9
0.75 23.9 (0.8) 2,315.0 746.5 722.6 3,061.6
0.25 720.0 (34.0) 1,842.9 993.7 273.8 2,836.8

Steelhead 0.5 173.4 (8.2) 1,706.7 583.3 410.0 2,290.2
0.75 -288.0 (-13.6) 1,487.1 341.5 629.6 1,828.8
0.25 1,246.7 (171.1) 674.4 1,300.9 54.1 1,975.3

Chum 0.5 763.1 (104.7) 631.1 860.6 97.5 1,491.7
0.75 421.3 (57.8) 569.1 580.8 159.5 1,149.9

1. Values represent the difference in quantity of habitat (km) between the predicted range and currently described 
distribution. Values in the paratheses represent the percent change between the predicted range and the currently 
described range. Quantity of habitat within the currently described range: coho: 3,037.7 km; steelhead trout: 
2,116.7 km; chum salmon: 728.6 km



Table 2.2 Summary of the number of anthropogenic barriers, the associated amount of stream habitat made inaccessible (km) by 
individual barriers, and the total amount of habitat inaccessible (km) by coho salmon, steelhead trout, and chum salmon in the 
Chehalis River basin, Washington, USA. Results are based on probability decision thresholds (PDT) of 0.25, 0.50, and 0.75.

Species PDT Number (%)1 Unique barriers2 Median Mean Minimum Maximum Total
0.25 1,062 (61.1) 734 1.3 3.2 0.1 92.6 1,832.4

Coho 0.50 711 (40.9) 534 1.2 2.8 0.1 65.4 1,097.7
0.75 348 (20.0) 252 1.2 2.7 0.0 47.3 532.3
0.25 301 (17.3) 25 1.4 3.1 0.1 50.2 496.2

Steelhead 0.50 179 (10.3) 23 1.4 3.1 0.1 39.9 311
0.75 110 (6.3) 16 1.3 3.1 0.0 31.6 186.1
0.25 184 (10.6) 1 1.1 2.2 0.2 25 243.7

Chum 0.50 76 (4.4) 0 1.1 2.2 0.1 12.2 121.0
0.75 30 (1.7) 0 0.4 1.6 0.0 7.2 44.4

1. Number of barriers blocking habitat and the percentage of the total number of barriers examined (n=1,737)
2. This is the count of barriers that impede access for a specific species
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Supplemental material

Table S2.1 Random intercept coefficient values of sub-basin k for general linear mixed models 
to predict the range of occurrence for coho salmon and steelhead trout in the Chehalis River 
basin, Washington, USA.

Sub-basin Coho Steelhead
South Fork Chehalis 0.870094169 1.7909331

Newaukum River -0.363738911 2.6947282
Skookumchuck River 1.051956445 0.1073681
Independence Creek 0.849539698 0.1100084

Black River 0.52272797 -0.7913306
Satsop River -0.213302417 -1.291454

Wynoochee River 0.001441056 0.6619005
Wishkah River 0.503635877 -0.8604241

Cloquallum Creek 0.35552578 -1.3096811
Humptulips River -2.050394026 0.1369824

Hoquiam River -0.095748434 -0.4959425
South Harbor -1.473723481 -0.7493547

Table S2.2 Quantity of predicted stream habitat (km) within the range of occurrence for coho 
salmon, steelhead trout, and chum salmon in the Chehalis River basin, Washington, USA using 
probability decision thresholds (PDTs) ranging from 0.10 to 0.90. Values include the estimate 
mean and 95% prediction intervals (PI).

Species PDT Mean Upper PI Lower PI
Coho 0.10 8090.352 9104.091 6713.202
Coho 0.15 7420.738 8636.529 5944.32
Coho 0.20 6858.709 8212.56 5361.428
Coho 0.25 6357.94 7823.682 4914.341
Coho 0.30 5925.196 7456.85 4513.356
Coho 0.35 5542.033 7074.555 4170.402
Coho 0.40 5183.14 6696.556 3867.022
Coho 0.45 4847.636 6347.701 3591.881
Coho 0.50 4531.935 5985.036 3338.981
Coho 0.55 4239.93 5634.813 3089.676
Coho 0.60 3942.805 5279.749 2868.094
Coho 0.65 3657.625 4942.036 2636.419
Coho 0.70 3369.623 4595.427 2422.994
Coho 0.75 3061.555 4224.748 2222.979
Coho 0.80 2772.635 3800.868 2009.717
Coho 0.85 2441.081 3371.934 1773.888
Coho 0.90 2095.278 2852.224 1513.559
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Table S2.2, continued.

Steelhead 0.10 3525.775 4134.328 3047.473
Steelhead 0.15 3235.079 3782.245 2770.074
Steelhead 0.20 3014.478 3522.868 2594.831
Steelhead 0.25 2836.784 3330.7 2447.606
Steelhead 0.30 2698.865 3165.538 2322.402
Steelhead 0.35 2589.671 3019.898 2222.799
Steelhead 0.40 2485.451 2881.852 2125.098
Steelhead 0.45 2376.674 2773.485 2040.092
Steelhead 0.50 2290.185 2670.304 1958.411
Steelhead 0.55 2205.168 2573.007 1872.194
Steelhead 0.60 2121.074 2474.661 1789.29
Steelhead 0.65 2029.222 2374.766 1691.518
Steelhead 0.70 1928.256 2274.545 1606.644
Steelhead 0.75 1828.758 2173.102 1508.516
Steelhead 0.80 1708.862 2047.136 1403.03
Steelhead 0.85 1573.145 1897.372 1316.955
Steelhead 0.90 1396.987 1716.657 1157.902

Chum 0.10 2511.966 2757.029 2314.699
Chum 0.15 2269.82 2480.102 2101.062
Chum 0.20 2100.902 2287.663 1945.727
Chum 0.25 1975.293 2132.454 1827.684
Chum 0.30 1863.153 2018.984 1697.792
Chum 0.35 1754.525 1908.287 1604.495
Chum 0.40 1654.664 1814.013 1522.123
Chum 0.45 1567.874 1708.211 1444.049
Chum 0.50 1491.702 1627.274 1372.203
Chum 0.55 1425.902 1544.314 1304.096
Chum 0.60 1343.344 1470.547 1242.762
Chum 0.65 1272.564 1388.414 1189.834
Chum 0.70 1216.016 1308.434 1121.913
Chum 0.75 1149.888 1232.879 1034.243
Chum 0.80 1054.609 1166.071 931.905
Chum 0.85 938.7631 1053.827 858.1096
Chum 0.90 828.8138 914.6311 692.6806

120



Conclusions

In this thesis I sought to understand species distribution of three anadromous salmonids to 

support restoration efforts of fragmented habitat across a large, heavily modified river basin. In 

the Chehalis River basin, Washington, I quantified the large-scale landscape attributes that 

shaped the population neighborhood boundaries for each focal species and used these 

relationships to predict the potential range of occurrence across the watershed in the absence of 

overt habitat degradation and anthropogenic barriers to migration. I used multiple probability 

decision thresholds for model predictions that represent different levels of risk-tolerance to 

describe the range of suitable habitat available for restoration. Higher probability decision 

thresholds representing the low risk-tolerance scenarios are less inclusive of potential habitat 

while lower probability thresholds representing high risk-tolerance scenarios include more 

habitat. The salient findings of this study are as follows:

• Species-specific population neighborhood boundaries were accurately predicted using 

landscape attributes across a broad and diverse watershed. The landscape attributes 

associated with the population neighborhood boundaries varied among species; however, 

drainage area, elevation, and geology were important predictors for all three species.

• The magnitude of the relationship between common landscape attributes and the 

probability of stream reaches being within or outside the population neighborhood varied 

among the three species, reflecting species-specific habitat requirements and life 

histories.

• The magnitude of change in the predicted range of occurrence across probability decision 

thresholds varied among species indicating that certain species are more sensitive to the 

thresholds selected by practitioners.
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• In general, the predictive models indicated that the amount of habitat currently being 

considered for restoration in the Chehalis River basin is underestimated.

• Species with greater range of occurrence (e.g., coho salmon, steelhead trout) had more 

potential habitat blocked by anthropogenic barriers, although the locations where 

anthropogenic barriers impeded fish passage varied among species. Thus, not all 

restoration actions will have equal benefits for each species of interest.

The broad Chehalis River basin is characterized by generally low elevation and low gradient 

headwaters compared to adjacent watersheds in western Washington that support Pacific Salmon 

and trout. Therefore, the modeled coefficients that describe fish population neighborhoods in the 

Chehalis River basin are likely to differ from other watersheds; however, the direction of the 

relationships between landscape attributes and the range of occurrence may be transferable and 

correspond with first principles of each species' life history and biology (Bjornn & Reiser 1991; 

Quinn, 2018). The reduced population abundance of each species relative to historical abundance 

across the basin may have limited the predictive power of the model as each species could be 

associated with broader landscape attributes. Despite the parameter coefficient values being 

unique to the Chehalis River basin, the methodology demonstrated in this thesis is not location

specific and can be used to describe the population neighborhoods of anadromous fishes in other 

watersheds.

The results of this study demonstrate the importance of considering different risk-tolerance 

scenarios during restoration planning. Location specific estimates using multiple risk-tolerance 

scenarios present practitioners with potential outcomes that reflect different prioritization 

strategies when considering locations for restoration (Walpole, Toman, Stidham, & Wilson, 

2020). The estimated quantity of habitat inaccessible due to anthropogenic barriers across the 
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basin is likely underestimated. While there has been an impressive effort to increase the number 

of barriers inventoried across the Chehalis River basin, many remain undocumented, particularly 

in headwater streams. Restoring habitat connectivity is an effective restoration strategy and 

monitoring its efficacy is more immediate compared to other restoration strategies such as 

improving riparian buffers (Anderson et al., 2019). However, other restoration actions can also 

provide ecological benefits even if causal relationships between habitat activities and fish 

production are difficult to quantify (Beechie, Pess, Roni, & Giannico, 2008). My results point 

toward the need for different restoration strategies among species to provide the greatest benefit. 

For example, coho salmon had the greatest quantity of habitat blocked by anthropogenic barriers, 

but chum salmon, which had the least amount of habitat blocked by anthropogenic barriers, had 

the greatest potential increase in available habitat compared to the current described distribution. 

While this study primarily reported the impact of anthropogenic barriers to fish distribution, it is 

important to recognize that the modeling framework presented here can be used to identify 

locations that could benefit from other restoration actions.

Future work to enhance the predictive modeling framework

Predictive landscape modeling relies on remote sensing data which is limited by the 

resolution of the digital elevation models [DEM] available for area of study (Fisher & Tate, 

2006; Wechsler, 2007). The ability to utilize LiDAR-generated remote sensing data could 

improve the spatial resolution of landscape attributes and might reduce error in the predictive 

model (Goulden, Hopkinson, Jamieson, & Sterling, 2016). In addition, the predictive modeling 

would benefit from incorporating spatially explicit autocovariance in the error structure. 

Incorporating flow directionality in the stream network would allow for a more robust analysis as 

would the integration of environmental variables such as stream temperature (e.g., Isaak, Ver 
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Hoef, Peterson, Horan, & Nagel, 2017). Further, the integration of life stage specific production 

capacity estimates (Bond, Nodine, Beechie, & Zabel, 2019) and fish dispersal models (Radinger 

et al., 2017) with the predictions of the quantity of suitable habitat would enhance the 

information available to managers when considering locations for restoration. Ideally, out-of

basin cross validation would have been implemented to assess model performance and spatial 

transferability of the model. However, the rigorous and time-consuming demands of the field 

data collection effort restricted focus to my basin of interest. The implementation of the survey 

protocols used in this study to other watersheds in the region would allow for more robust cross 

validation analysis and investigate how the magnitude of the relationship between landscape 

attributes and population neighborhood boundaries vary across broader spatial extents.

Recommendations

The model predictions from this study should be used to identify locations for further 

investigation when considering locations for restoration and not be used as the exclusive piece of 

information. When considering locations to restore connectivity, practitioners should consider 

upstream habitat quality (Steel et al., 2004), species life history (Anderson, Kiffney, Pess, & 

Quinn, 2008) and productivity of nearby donor populations (Pess, Quinn, Gephard, & Saunders, 

2014) in addition to the quantity of habitat that would be made available. I recommend that 

decision-makers carefully assess how species' range of occurrence may change based on 

different risk-tolerance scenarios instead of using a single, commonly used probability decision 

threshold.

Previous knowledge on fish distribution is not always available, particularly in large and 

remote watersheds (Bidlack, Benda, Miewald, Reeves, & McMahan, 2014). We do not 

recommend implementing this approach in situations where limited previous knowledge of fish 
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distribution exists for the watershed of interest. The design of this study requires intensive field 

sampling that benefits from previous knowledge on fish distribution to ensure that occurrences 

will be detected during stream surveys. Rather, I suggest intrinsic potential models (Burnett et 

al., 2007) can be a useful first step to identify locations for on-the-ground sampling in 

watersheds where there is little previous knowledge on fish distribution.

One of the main caveats in the statistical design of this study was the non-random 

assignment of stream reaches being categorized as either within or outside the population 

neighborhood used to fit the generalized linear mixed models for each species. Thus, the binary 

response for these models were not true Bernoulli trials. I would recommend future studies to 

explore the possibility of using change-point analysis (Beckage, Joseph, Belisle, Wolfson, & 

Platt, 2007; Sharma, Swayne, & Obimbo, 2016) as an alternative option for predicting ULO 

locations across stream networks. However, stream profiles would need to have a sufficient 

amount of data points (i.e., stream profile segmented into enough individual reaches) to be 

compatible for a change point analysis. Among other limitations, many of our stream profiles 

had insufficient individual stream reaches and the stream reaches in my stream network would 

likely need be segmented at a finer spatial resolution, to facilitate a change-point analysis.

The study design for this thesis could be adiusted for future studies that consider 

anthropogenic effects on ULO locations. To achieve this, a stratified sampling scheme that 

includes an equal number of streams that have been modified, and an equal number with intact 

habitat based on this study's stream selection criteria to be selected to survey for ULO locations. 

Additional covariates such as land-use and road density could be included in candidate models to 

explore the effects of habitat modification on the ULO location and compare between modified 

and unmodified streams. In addition, a study design that includes modified streams could assess 
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the cumulative effect of semipermeable anthropogenic barriers (i.e., passable given appropriate 

conditions) on the ULO location. However, modified streams may be non-randomly spatially 

distributed across the basin which should be taken into consideration. Further extension of this 

work could explore how ULO locations may change under different environmental conditions 

and population abundances to understand how the ULO location may change among years.

References

Anderson, J. H., Krueger, K. L., Kinsel, C., Quinn, T., Ehinger, W. J., & Bilby, R. (2019). Coho 
salmon and habitat response to restoration in a small stream. Transactions of the 
American Fisheries Society, 148(5), 1024-1038. https://doi.org/10.1002/tafs.10196

Anderson, J. H., Kiffney, P. M., Pess, G. R., & Quinn, T. P. (2008). Summer distribution and 
growth of juvenile coho salmon during colonization of newly accessible habitat. 
Transactions of the American Fisheries Society, 137(3), 772-781. 
https://doi.Org/10.1577/T07-013.1

Beckage, B., Joseph, L., Belisle, P., Wolfson, D. B., & Platt, W. J. (2007). Bayesian change
point analyses in ecology. New Phytologist, 174(2), 456-467. 
https://doi.org/10.1111/j.1469-8137.2007.01991.x

Beechie, T., Pess, G., Roni, P., & Giannico, G. (2008). Setting river restoration priorities: a 
review of approaches and a general protocol for identifying and prioritizing actions. 
North American Journal of Fisheries Management, 28(3), 891-905. 
https://doi.org/10.1577/M06-174.1

Bidlack, A. L., Benda, L. E., Miewald, T., Reeves, G. H., & McMahan, G. (2014). Identifying 
suitable habitat for Chinook salmon across a large, glaciated watershed. Transactions of 
the American Fisheries Society, 143(3), 689-699. 
https://doi.org/10.1080/00028487.2014.880739

Biornn, T. C., & Reiser, D. W. (1991). Habitat requirements of salmonids in streams. In W.R. 
Meehan (Ed.), Influence of Forest and Rangeland Management on Salmonids Fishes and 
Habitats (pp. 83-138). American Fisheries Society.

Bond, M. H., Nodine, T. G., Beechie, T. J., & Zabel, R. W. (2019). Estimating the benefits of 
widespread floodplain reconnection for Columbia River Chinook salmon. Canadian 
Journal of Fisheries and Aquatic Sciences, 76(7), 1212-1226. 
https://doi.org/10.1139/cifas-2018-0108

126

https://doi.org/10.1002/tafs.10196
https://doi.org/10.1577/T07-013.1
https://doi.org/10.1111/j.1469-8137.2007.01991.x
https://doi.org/10.1577/M06-174.1
https://doi.org/10.1080/00028487.2014.880739
https://doi.org/10.1139/cjfas-2018-0108


Burnett, K. M., Reeves, G. H., Miller, D. J., Clarke, S., Vance-Borland, K., & Christiansen, K. 
(2007). Distribution of salmon-habitat potential relative to landscape characteristics and 
implications for conservation. Ecological Applications, 17(1), 66-80. 
https://doi.org/10.1890/1051-0761(2007)017[0066:DOSPRT]2.0.CO;2

Fisher, P. F., & Tate, N. J. (2006). Causes and consequences of error in digital elevation models. 
Progress in Physical Geography, 30(4), 467-489. 
https://doi.org/10.1191/0309133306pp492ra

Goulden, T., Hopkinson, C., Jamieson, R., & Sterling, S. (2016). Sensitivity of DEM, slope, 
aspect and watershed attributes to LiDAR measurement uncertainty. Remote Sensing of 
Environment, 179, 23-35. https://doi.org/10.1016/j.rse.2016.03.005

Isaak, D. J., Ver Hoef, J. M., Peterson, E. E., Horan, D. L., & Nagel, D. E. (2017). Scalable 
population estimates using spatial-stream-network (SSN) models, fish density surveys, 
and national geospatial database frameworks for streams. Canadian Journal of Fisheries 
and Aquatic Sciences, 74(2), 147-156. https://doi.org/10.1139/cjfas-2016-0247

Pess, G. R., Quinn, T. P., Gephard, S. R., & Saunders, R. (2014). Re-colonization of Atlantic and 
Pacific rivers by anadromous fishes: linkages between life history and the benefits of 
barrier removal. Reviews in Fish Biology and Fisheries, 24(3), 881-900. 
https://doi.org/10.1007/s11160-013-9339-1

Quinn, T. P. (2018). The behavior and ecology of Pacific salmon and trout: University of 
Washington press.

Radinger, J., Essl, F., Holker, F., Horky, P., Slavík, O., & Wolter, C. (2017). The future 
distribution of river fish: the complex interplay of climate and land use changes, species 
dispersal and movement barriers. Global Change Biology, 23(11), 4970-4986. 
https://doi.org/10.1111/gcb.13760

Sharma, S., Swayne, D. A., & Obimbo, C. (2016). Trend analysis and change point techniques: a 
survey. Energy, Ecology and Environment, 1(3), 123-130. 
https://doi.org/10.1007/s40974-016-0011-1

Steel, E. A., Feist, B. E., Jensen, D. W., Pess, G. R., Sheer, M. B., Brauner, J. B., & Bilby, R. E. 
(2004). Landscape models to understand steelhead (Oncorhynchus mykiss) distribution 
and help prioritize barrier removals in the Willamette basin, Oregon, USA. Canadian 
Journal of Fisheries and Aquatic Sciences, 61(6), 999-1011. https://doi.org/10.1139/f04- 
042

Walpole, E. H., Toman, E., Stidham, M., & Wilson, R. (2020). The science and practice of 
ecological restoration: a mental models analysis of restoration practitioners. Environment 
Systems and Decisions, 40(4), 588-604. https://doi.org/10.1007/s10669-020-09768-x

Wechsler, S. 2007. Uncertainties associated with digital elevation models for hydrologic 
applications: a review. Hydrology and Earth System Sciences, 11(4): 1481-1500. 
https://doi.org/10.5194/hess-11-1481-2007

127

https://doi.org/10.1890/1051-0761(2007)017%255b0066:DOSPRT%255d2.0.CO;2
https://doi.org/10.1191/0309133306pp492ra
https://doi.org/10.1016/j.rse.2016.03.005
https://doi.org/10.1139/cjfas-2016-0247
https://doi.org/10.1007/s11160-013-9339-1
https://doi.org/10.1111/gcb.13760
https://doi.org/10.1007/s40974-016-0011-1
https://doi.org/10.1139/f04-042
https://doi.org/10.1139/f04-042
https://doi.org/10.1007/s10669-020-09768-x
https://doi.org/10.5194/hess-11-1481-2007


Appendix

(907)474-7800 
(907) 474-5993 fax 

uaf-iacuc@alaska.edu 
www.uaf.edu/iacuc

Institutional Animal Care and Use Committee
809 N Koyukuk D. Suite 212. P.O. Box 757270, Fairbanks, Alaska 99775-7270

May 17, 2019

To: Peter WestIey 
Principal Investigator

From;
Re:

University of Alaska Fairbanks IACUC

[1420651-2] Predicting the distribution of adult salmonids in response to reconnected 
habitat in the Chehalis River basin. WA

The IACUC reviewed and approved the Revisions to the New Protocol referenced above by Designated 
Member Review.

Received; April 26,2019

Approval Date; May 17,2019

Initial Approval Date: May 17,2019

Expiration Date: May 17,2020
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Failure to obtain or maintain valid permits is considered a violation of an IACUC protocol and could 
result in revocation of IACUC approval.

• Ensure the protocol is up-to-date and submit modifications to the IACUC when necessary (see form 
006 "Significant changes requiring IACUC review" in the IRBNet Forms and Templates)

• Inform research personnel that only activities described in the approved IACUC protocol can be 
performed. Ensure personnel have been appropriately trained to perform their duties.

• Be aware of status of other packages in IRBNet; this approval only applies to this package and 
the documents it contains; it does not imply approval for other revisions or renewals you may have 
submitted to the IACUC previously.

• Ensure animal research personnel are aware of the reporting procedures on the following page.
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