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Abstract

Coho Salmon Oncorhynchus kisutch are the most widely distributed Pacific salmon 

species across Alaska. The lack of knowledge surrounding the habitat requirements of this 

species results in challenges for conservation and management due to natural and anthropogenic 

pressures. Tributaries of the Susitna River drainage in Alaska support many small and distinct 

Coho Salmon populations. Heterogeneity of in-stream spawning habitat is an ecological concept 

known to promote resiliency of salmonid populations. The goal of this study was to investigate 

the best habitat predictors of spawning site selection and the scale by which spawning habitat 

should be evaluated for management insights. Scale is particularly important when measuring, 

assessing, and predicting potential impacts to species from development activities because 

habitat research at the stream rather than the reach scale can overestimate the amount of 

available spawning habitat. I investigated a suite of field-measured stream habitat variables 

paired with empirical Coho Salmon spawning survey data in five tributaries during 2013 and 

2014. Physical data was defined as biotic and abiotic surroundings of an organism or population 

that have an influence on survival, development, and evolution. Mixed-effects modeling results 

indicated that Coho Salmon spawning-site selection was positively related to gravel substrate and 

the presence of groundwater flux, and that spawning Coho Salmon avoided cobble substrate. 

Physical data were analyzed at both the stream and reach scales, and mixed-effects modeling 

results further concluded that variation in spawning activity at the reach scale (variance = 1.34, 

SD = 1.16) accounted for more variability and was more predictive than at the stream scale
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(variance = 0.04, SD = 0.19). This is important because fish habitat-associations identified at the 

reach scale were not identified at the stream scale. These results highlight the need for multi

scale habitat data collections and analyses to identify the most meaningful fish-habitat 

associations.
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General Introduction

The differential use of habitat by fishes is referred to as “selection.” Habitat selection 

occurs when a fish selects against a particular habitat (i.e., negative selection) or uses a habitat in 

greater proportion than its availability in the environment (i.e., positive selection; Rosenfeld 

2003). Pacific salmon Oncorhynchus spp. tributary spawners experience variation in habitat 

complexity for redd site selection based on stream geomorphology, yet are often documented 

spawning in aggregations at precise locations (Chambers et al. 1955; Montgomery et al. 1999). 

Aggregate spawning behavior suggests that spawning site selection can be attributed to specific 

stream characteristics selected by females of individual spawning populations (Dittman et al. 

2010). That is, local adaptation to natal stream geomorphology is considered the driver of habitat 

selection among available habitat (Morbey and Hendry 2008). Pacific salmon behavior in 

selecting a spawning site is not a biological response to a single environmental stimulus, but 

rather a response to a number of possible influential stimuli expressed as habitat variability 

(Chambers et al. 1955; Peterson et al. 2014). Therefore, the specific influential stimuli and the 

scale at which habitat is selected for spawning are key research questions of my study important 

to understanding habitat needs of Pacific salmon.

To test predictions of Coho Salmon O. kisutch spawning habitat selection in Susitna 

River, Alaska, tributaries, I collected stream habitat data based on a subset of variables taken 

from the literature. I focused on groundwater because I expected a more pronounced response to 

groundwater exchange than that reported in the current literature for Coho Salmon due to local 

climate and cold surface water temperatures in Alaska. The contribution of warmer groundwater 

in the winter offers areas of distinct localized microhabitat optimal for egg development (J. 

Mouw, Floodplain Resources Inc., personal communication). Tributaries also receive 
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allochthonous input from surrounding watersheds and export autochthonous materials 

downstream that further diversify habitats and significantly contribute to the spatial and temporal 

diversity of habitats available to be selected by fish (Rice et al. 2001; Benda and Andas 2004, 

Benda et al. 2004). Predictions from the literature regarding limiting factors for Coho Salmon 

spawning habitat must be tested to understand local adaptations of habitat selection because even 

subtle differences in spawning cues can influence spawning site selection (McMahon 1983; 

Dittman et al. 2010). Local adaptations develop as a result of physical and geomorphological 

characteristics of natal streams and provide context to understand optimal habitat for Coho 

Salmon. As a result, this study contributes to a greater understanding of local adaptation of Coho 

Salmon to tributary habitats of the Susitna River drainage.

Channel geometry is an indicator of fish habitat and reflects the erosion and deposition 

processes that carry water to the stream channel, and subsequently create and maintain fish 

habitat (Rosgen 1996). For this reason, measuring channel geometry (i.e., width-to-depth ratio) 

can provide both direct and indirect information about Coho Salmon spawning habitat. For 

example, stream channel stability can be inferred from information on gradient and width-to- 

depth ratio (Rosgen 1996; Kondolf 2000). Thus, channel geometry is important to consider in 

any study related to habitat.

Stream gradient is another important variable and is correlated with stream channel 

geometry. Stream gradient, which creates the conditions of riffle-pool versus step-pool, has been 

used to classify streams by Rosgen (2008). Pool-riffle channels have moderate slopes (< 1.5 - 

2%; Miller et al. 2008; Buffington and Tonina 2009) and are considered to be indicative of 

quality Coho Salmon spawning habitat. For example, the occurrence of spawning Chinook 

Salmon O. tshawytscha and Coho Salmon was found to correlate with gradient in western
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Washington state streams (Montgomery et al. 1999). Channel gradient was used to classify 

channel networks into categories of low (< 3%) and steep gradients (> 3%). Results of this study 

suggested that Coho Salmon spawning distributions were correlated with slope reaches of 1 - 

3%, while Chinook Salmon spawning correlated with slope reaches of < 1% (Montgomery et al. 

1999). Channel gradient measurements are straightforward to acquire and provide a reasonable 

coarse metric of spawning habitat quality.

Typical stream channel habitat units examined during fish habitat assessments include 

pools, riffles, and glides. These habitats are not randomly distributed throughout a stream, but 

rather are a result of a stream's natural erosion and deposition processes. The unit area and 

frequency of channel habitats is dictated by a stream's surrounding geomorphology and is driven 

by seasonal variation in flow (Hawkins et al. 1993; Rosgen 2008). Repeat sequences of channel 

units are found in natural unaltered streams (Hawkins et al. 1993; Leopold 1994; Rosgen 2008) 

and may be used as indicators of spawning habitat. For example, Fukushima (2001) identified a 

preference of spawning salmonids for stream reaches with increased channel sinuosity, which 

leads to the formation of pool and riffle unit sequences through erosion and deposition processes. 

Stream reach channel units create optimal conditions for egg development (Fukushima 2001). 

Pool-riffle sequences are noted in the literature as being important to Pacific salmon habitat due 

to the complexity of stream bed topography offered by the sequencing of these channel units. 

According to Fukushima (2001), it is the pool-riffle sequence that is the true measure of Pacific 

salmon spawning habitat quality. Baxter and Hauer (2000) found that Bull Trout Salvelinus 

confluentus redds were associated with pool tailouts at the head of riffles. Montgomery et al. 

(1999) reported that reduced pool spacing is associated with an increased abundance of Coho 

Salmon redds, and Tonina and Buffington (2007) found that pool-riffle habitat was characterized 

3



by well-formed hyporheic (groundwater-surface water) circulation that is a function of the 

spacing and size of pool and bar topography. Based on these research findings, I included 

channel unit measurements in my study as well.

Substrate size composition (e.g., percent silt, sand, gravel, cobble, boulder) is described 

in the literature as being important for spawning habitat for redd creation and oxygenation and 

cleansing of eggs (McMahon 1983; Kondolf and Wolman 1993). For example, a female Coho 

Salmon must be physically able to move spawning substrate with her tail and body to 

successfully construct a redd. For successful egg incubation, the substrate must also be of 

sufficient composition of gravel sizes to allow for aeration, nutrient intake, and waste removal 

through inter-gravel flow. When building a redd, Coho Salmon produce a depression somewhat 

longer than their bodies, typically 20 to 25 cm in depth (Morrow 1980). Reiser and Wesche 

(1977) indicated that substrate < 0.64 cm diameter should comprise < 20 - 25% of the incubation 

substrate. Laufle et al. (1986) reported that preferred Coho Salmon spawning habitat consisted of 

< 0.64 cm diameter substrates in riffle habitat with 20% fine sediment, and Coulombre- 

Pontbriand and LaPointe (2004) defined fine sediment as being substrate particles < 2 mm in 

diameter. Substrate composition for Coho Salmon spawning has optimal suitability when it is 

represented by approximately 50% gravel (10 - 60 mm) and 50% rubble (61 - 250 mm;

McMahon 1983). Because of these specific requirements for substrate composition, Kondolf and 

Wolman (1993) reference spawning gravels as a limiting factor for successful salmonid 

spawning in many streams.

Vertical hydraulic gradient (VHG) describes groundwater and surface exchange and is 

defined as the potential hyporheic exchange (i.e., groundwater upwelling and downwelling) 

relative to permeability of the stream bed. The gradient and direction of VHG provides spawning 
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habitat complexity. Vertical hydraulic gradient is positive where upwelling occurs and negative 

where downwelling occurs. Groundwater flux reflects groundwater flow per unit area in the 

channel bedform perpendicular to the flow (Baxter et al. 2003), is commonly reported in the 

literature, and is a more precise indicator of aeration and oxygenation potential for eggs buried in 

spawning redds. Therefore, in my research, VHG and hydraulic conductivity measurements were 

used to calculate groundwater exchange. The capacity for groundwater and surface water 

exchange is related to bedrock control, channel topography, substrate permeability, and depth of 

substrate (Gordon et al. 2004). Ground and surface water exchange occurs at a range of scales, 

from local to regional. At the local scale, surface water fluxes through a river's bed topography. 

At the regional scale, surface water downwells into the upstream ends of floodplains and upwells 

at the downstream end, usually due to bedrock control or soils of low hydraulic conductivity 

(Gordon et al. 2004). Defined floodplains (where the presence and extent of the floodplain, 

which is formed mainly of river sediments, is readily discernable and is subject to flooding) 

promote substantial vertical hydraulic gradients. Local movement of surface water through the 

stream bed occurs regardless of the regional VHG. Streams either lose water to or gain water 

from their floodplains and lose water at the heads of floodplains and gain water at the tail ends of 

floodplains (Baxter and Hauer 2000; Mouw et al. 2014). Under changing climate scenarios, if 

summer habitats become wetter, it might be expected that groundwater would be increasingly 

present because additional precipitation would recharge groundwater supply. This, in turn, could 

result in a stronger VHG of upwelling during the summer and winter seasons. In contrast, 

downwelling VHG may decline due to saturation of the groundwater storage. If summer habitats 

become dryer, less precipitation will be available to recharge groundwater reserves, resulting in 

reduced overall VHG of upwelling and downwelling during the summer and winter seasons.
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These alterations in precipitation may consequently result in changes to the percentage of surface 

water comprised of runoff versus groundwater, as well as temperature changes to groundwater 

and surface water. Thus, VHG determines water movement into or out of the salmon habitat and 

is influential to spawning site selection.

The results of my study, which focused on identifying the most important habitat 

variables for Coho Salmon spawning site selection, will be useful when linking climate change 

studies to Pacific salmon range expansion. Diversity of Pacific salmon life-history strategies is 

linked to local conditions under climate predictions for changing habitat conditions (Youngson et 

al. 1994). Climate change studies that use global climate change models related to adaptive 

spawning strategies for predictions at the local level are only possible when finer-scale details 

are known about critical habitat needs. This is especially true in the Arctic as the range and 

colonization of Pacific salmon expand northward (Kallen and Kattsov 2005). Coho Salmon are 

typically broadly distributed throughout a watershed, adding to their resiliency under changing 

climate conditions as Coho Salmon seek to take advantage of available habitats. As a result, 

species range expansion to non-natal rivers with similar natal stream conditions should not result 

in overall loss of fitness for the species (Nielsen et al. 2013), but rather sustain genetic diversity 

and viable habitat fortifying species resiliency when confronted by climate change (Schindler et 

al. 2010). Climate resilience allows species to be open to natural disturbance regimes (Neville et 

al. 2009; Schindler 2016). For example, “nomadic” juvenile Coho Salmon populations have been 

selected to overwinter and smolt in non-natal stream-estuary ecotones due to the loss of natal 

habitat from deglaciation in Glacier Bay, Alaska (Koski 2009; Pess 2009). Coho Salmon may 

also be resilient because they are able to successfully take advantage of differing habitat types. 

Typically, freshwater-rearing juvenile Coho Salmon are represented by multiple age classes
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(e.g., ages 1-3), increasing the probability of survival of any one age class under disturbance 

(Reeves et al. 1995). This behavorial plasticity is a life-history strategy towards species 

resiliency. Because Coho Salmon are: 1) widely distributed throughout Alaska; 2) widely 

distributed throughout a watershed and typically found in habitats that extend relatively high in 

watersheds; 3) locally adapted to a diversity of habitats; and 4) late fall to early winter spawners 

with reduced egg developmental timing (Spence 1995). As a result, Coho Salmon as a species 

may be thought to be more resilient than other salmonids. These attributes highlight the 

challenge of sustaining wild stocks of Coho Salmon because the distribution and variable run 

timing of Coho Salmon populations offer temporal and spatial availability as food subsidies to 

both humans and wildlife across Alaska riverscapes (Fausch et al. 2002; Naiman et al. 2002). 

Thus, linking Coho Salmon life history to climate change is important for this species and 

humans that depend on it under global climate changes.

The overall goal of my graduate research was to increase our understanding of how 

spawning habitat selection by Coho Salmon varies across tributaries of the Susitna River basin, 

Alaska. This thesis described a Coho Salmon spawning habitat study conducted during 2013 and 

2014, which characterized dominant habitat features of five tributaries of the lower Susitna 

River. Specific objectives were to: 1) evaluate best physical predictors of measured habitat 

variables by comparing site characteristics used by spawning Coho Salmon; 2) compare 

spawning sites among study streams; and 3) determine the best spatial scale to assess spawning 

site predictors. The results of the study help to further explain specific life-history strategies of 

Alaska's Coho Salmon, therefore contributing to species conservation and potential mitigation 

performance standards that focus on spawning strategies. Historically, Coho Salmon have 

received less attention in part due to the complexity of the species' life history, the late timing of 
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spawning and winter emergence, and because Coho Salmon are typically represented by multiple 

sub-populations widely distributed throughout a watershed. These life-history attributes add 

challenges to studying this species. Moreover, Coho Salmon populations are generally stable. 

For example, Pacific salmon that are experiencing ongoing run failures (e.g., Chinook Salmon) 

have received much greater focus across Alaska. As a result, an assessment of Coho Salmon 

spawning habitat in Alaskan tributaries has not previously been conducted and will provide an 

important contribution to the understanding of this species, given ongoing climate warming. 

Understanding spawning habitat requirements is important because this species faces many 

challenges including anthropogenic effects on natal streams, increased human use for 

consumption and sport, and climate change. The results of my research will contribute to the 

broader understanding of the portfolio of available habitats within the Susitna River basin 

necessary for Coho Salmon persistence (Davis and Schindler 2021).
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Chapter 1: Spawning site selection of Coho Salmon Oncorhynchus kisutch in Susitna 

River tributaries, Alaska

Abstract1

1 McCracken, B. 2021. In prep. Spawning site selection of Coho Salmon (Oncorhynchus kisutch) 
in Susitna River tributaries, Alaska. This thesis follows formatting guidelines consistent with 
the American Fisheries Society.

Coho Salmon Oncorhynchus kisutch is the most widely distributed Pacific salmon 

species across Alaska. The lack of knowledge surrounding Coho Salmon habitat requirements 

results in management challenges for conserving the species due to natural and anthropogenic 

pressures. Tributaries of the Susitna River drainage in Alaska support many small and distinct 

Coho Salmon populations. Heterogeneity of in-stream spawning habitat is an ecological concept 

known to promote resiliency of salmonid populations. The goal of this study was to investigate 

the best habitat predictors of spawning site selection and the scale by which spawning habitat 

should be evaluated for management insights. Scale is particularly important when measuring, 

assessing and predicting potential impacts to species from development because habitat research 

at a stream scale rather than a smaller reach scale can overestimate the amount of available 

spawning habitat. I investigated a suite of field-measured stream habitat variables paired with 

empirical Coho Salmon spawning survey data in five Susitna River tributaries during 2013 and 

2014. Physical habitat includes geomorphologic characteristics and biological attributes that 

determine habitat structure and affect energy inputs. Mixed-effects modeling results indicated 

that Coho Salmon spawning-site selection was positively related to gravel substrate and the 

presence of groundwater flux, and that spawning Coho Salmon avoided cobble substrate. 

Physical data were analyzed at both the stream and the reach scales, and mixed-effects modeling 
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results further demonstrated that spawning activity at the reach scale (variance =1.34, SD = 1.16) 

accounted for more variability and was more predictive than at the stream scale (variance = 0.04, 

SD = 0.19). This is important because fish habitat-associations identified at the reach scale were 

not identified at the stream scale. These results highlight the need for multi-scale habitat analysis 

in order to identify the most meaningful fish-habitat associations.
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Introduction

Habitat complexity and availability within a stream is based on variation in physical and 

geomorphic characteristics of the watershed. Pacific salmon Oncorhynchus spp. that spawn in 

streams are often documented in aggregations at precise locations (Chambers et al. 1955; 

Montgomery et al. 1999). Aggregate spawning behavior suggests that spawning site selection 

can be attributed to specific stream characteristics selected by females of individual spawning 

populations (Dittman et al. 2010). That is, local adaptation to natal stream geomorphology and 

bedform is considered a driver of habitat selection among available habitats (Morbey and Hendry 

2008; Bett and Hinch 2016). Thus, understanding local conditions at sites where spawning 

Pacific salmon aggregate may be key to characterizing the highest quality spawning habitat.

Biophysical variables within stream can be complex. Physical spawning habitat consists 

in part of substrate, water depth, water velocity, and cover (Chambers et al. 1955; Shirazi et al. 

1979; McMahon 1983; Beachie and Pess 2008; Kondolf et al. 2008). Water quality, such as 

dissolved oxygen levels and water temperature, is also reported to be an indicator of quality 

spawning habitat (Murray and McPhail 1988). Biological factors, such as intra-specific density 

dependence and competition, also influence the selection of spawning habitat (Lestelle 2007; 

Huntsmen et al. 2017). It is important to distinguish detectable differences among spawning sites 

selected by females as well as to understand how identified differences are connected to locally 

adapted biological needs required for reproductive success. Determining which variables can be 

measured easily and objectively is essential when studying spawning habitat.

Spawning habitat selection is a response to complexity and depends on the spatial scale 

(Holling 1973). Spawning habitat is described as being simple (e.g., determined by substrate or 

depth alone) or complex (e.g., pool-riffle bedform with downwelling; McMahon 1983; Geist and 
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Dauble 1998). Spawning habitat selection is also reported at the macro- (e.g., pool-riffle) and 

micro- (e.g., downwelling site) scales (Fukushima 2001; Mull and Wilzbach 2007). Recent 

studies (Falke et al. 2013; Jacobs et al. 2021) included associations of fish habitat with spawning 

data (e.g., spatial mapping) considered over a hierarchy of habitat scales for comparison 

purposes (Mavros and Dauble 1999). To best determine biological relevance, habitat complexity 

should be studied at a hierarchy of scales and supported by empirical fish spawning data (Geist 

and Dauble 1998; Fausch et al. 2002). Comparison of spawner-habitat characteristic 

relationships across scales is key to understanding habitat availability and selection (Frissell et al. 

1986; Jackson et al. 2001; Fausch et al. 2002; Wiens 2002). Measuring various habitat 

characteristics at multiple scales will allow detection of the most important variables used for 

spawning site selection.

A review of the current spawning habitat literature for Pacific salmon outside of Alaska 

does not allow conclusions to be drawn for a more extreme and changing environment such as in 

Alaska. Research related to Pacific salmon spawning habitat focuses on physical and chemical 

characteristics, and characteristics analyzed include water temperature, velocity, depth, 

streamflow, substrate, and cover (Platts 1979; Reiser and Bjorn 1979; Salo 1991; Keeley et al. 

1996; Morbey and Hendry 2008). These studies have typically been conducted in watersheds that 

have been significantly altered by hydropower dams (Mavros and Dauble 1999) often for 

purposes of habitat restoration in an effort to restore Pacific salmon habitat. In terms of specific 

needs of Pacific salmon at the northern extent of their range in free-flowing rivers, application of 

these study findings cannot be assumed relevant to habitat needs of Alaska wild Pacific salmon 

adapted to local habitat conditions (Morbey and Hendry 2008). Consequently, there is a need for 

a better understanding of spawning habitat requirements of Coho Salmon Oncorhynchus kisutch
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these systems. Some studies discuss the validity of transferring suitability criteria related to 

habitat selection across a species' range or for species guilds (Root 1967; Thomas and Bovee 

1993; Persinger 2010). While guild classifications may seem more applicable to tropical latitudes 

that support high species diversity (Persinger et al. 2010), Root (1967) defined a guild as a group 

of species that exploit the same class of environmental resources in a similar way. Relative to 

other latitudes, Alaska has relatively few freshwater fish species; however, many of these species 

occupy specific habitat types on a seasonal basis and/or during specific life stages. There is a 

need to study Coho Salmon habitat requirements because the transferability of habitat 

requirements from other Pacific salmon species may not be applicable or specific to Coho 

Salmon. As a result, the habitat requirements for Coho Salmon occupying different habitat types 

or ecotones/guilds (e.g., lakes, tributaries, mainstem habitats) may not transfer across habitats.

Alaska-specific spawning habitat descriptions for fishes are generally lacking and this is 

particularly true for Coho Salmon, a species that is distributed throughout Alaska from the Dixon 

Entrance in the southeast to Point Hope in the Chukchi Sea (Morrow 1980; Mecklenburg et al. 

2002; Olsen et al. 2003) and is highly adapted to specific, local conditions. In Alaska, evidence 

supports that spawning habitat selection for other Pacific salmon species is based on local stream 

conditions (MacLean 2003; Anderson and Bromaghin 2009; Curran et al. 2011; Wirth et al. 

2012; Mouw et al. 2014; Clawson et al. 2021), supporting the need for site-specific habitat 

criteria to better understand the drivers of selection. Across a species' distribution, local 

adaptation to different types of freshwater habitats (e.g., portfolio of habitats; Davis and 

Schindler 2021) allows small populations to persist across a variety of habitats and stressors 

(Taylor 1991; Reiman and Dunham 2000). The importance of these localized genetic adaptions 

by Coho Salmon to freshwater habitat is a key component to conservation of the species.
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Therefore, my study will increase our understanding of Alaska Pacific salmon ecology and 

provide specific measurements that Pacific salmon resource managers can apply to other Pacific 

salmon streams to assess spawning habitat.

Coho Salmon are unique among the five Pacific salmon species in their strategy for 

successful reproduction (Burger et al. 1985; Murray and McPhail 1987; Beacham and Murray 

1990; Spence et al. 1995). Spawning and fry-emergence timing for Coho Salmon are adapted to 

late fall/early winter conditions. Alaska's Coho Salmon typically spawn from late September 

through December after other salmon species have completed their spawning activities (Morrow 

1980; Mecklenburg et al. 2002). Coho Salmon have the shortest egg incubation period of all 

Pacific salmon, with optimal water temperatures between 3.1 and 8.9°C (Graybill et al. 1979). 

Eggs develop quickly during incubation because Coho Salmon take advantage of spawning sites 

in areas of warmer groundwater exchange, which leads to increased developmental rates 

(Scannell 1992; Mull 2005; Mull and Wilzbach 2007). Late spawn timing coupled with a short 

incubation period during cooler months demonstrate a local adaptation to warm groundwater, an 

adaptation that has been proven successful for the species' persistence.

Coho Salmon are of particular interest to this study because of their broad distribution 

throughout the Susitna River basin, well-defined genetic population structure, and the potential 

for these stocks throughout the basin to be significantly impacted by anthropogenic changes. The 

Susitna River basin produces the largest Coho Salmon returns in Cook Inlet (Matanuska-Susitna 

Borough Fish and Wildlife Commission 2015). However, there have been increased concerns 

over the status of Upper Cook Inlet (UCI) Susitna River Coho Salmon stocks stemming from 

overall depressed Pacific salmon stocks and the persistent proposal for a hydropower dam in the 

Susitna River. The Matanuska-Susitna Borough maintains its status as the fastest growing human 
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population area in the state of Alaska contributing to anthropogenic pressures for Coho Salmon 

populations. During 2020, this area experienced a 20% increase in human population growth. 

Beginning in 2009, the Alaska Department of Fish & Game (ADF&G) began a four-year 

spawning distribution evaluation (Merizon et al. 2010; Cleary et al. 2013; Oslund 2013; Cleary et 

al. 2014). A radio-tagging study was used to identify Coho Salmon spawning locations 

throughout the drainage and, in 2010, a mark-recapture abundance estimation component was 

added to the study. Results indicated that Coho Salmon primarily used tributary locations for 

spawning (Cleary et al. 2013; LGL Alaska Research Associates, Inc. [LGL] 2015). An estimated 

73,640 Coho Salmon spawned in tributaries of the Susitna River above the mouth of the Yentna 

River during 2010, and approximately 59% of the estimated abundance for Susitna River Coho 

Salmon returns were traced to the tributaries (Cleary et al. 2013; Yanusz et al. 2018). The 

remaining Coho Salmon likely spawned in off-channel (e.g., slough) habitats of the mainstem 

Susitna River. The knowledge that Coho Salmon are primarily spawning in tributaries prompted 

interest in developing a better understanding of adaptive strategies of spawning-site selection 

across the basin.

The overall goal of my research was to increase our understanding of how spawning-site 

selection by Coho Salmon varies across tributaries of the Susitna River drainage, Alaska, and to 

identify the most biologically meaningful scale of site selection. This thesis describes a Coho 

Salmon spawning habitat study conducted during 2013 and 2014, which characterized dominant 

habitat features of five tributaries of the lower Susitna River. Specific objectives were to: 1) 

evaluate best physical predictors of measured habitat variables by comparing site characteristics 

used by spawning Coho Salmon; 2) compare spawning sites among study streams; and 3) 

determine the best spatial scale to assess spawning site selection predictors. The results of this 
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study will add to current information that helps explain specific life-history strategies of Coho 

Salmon in Alaska, thereby contributing to species conservation through assessment and 

management applications that focus on spawning tributaries.

Methods

There are currently no ADF&G escapement goals that have been established to monitor 

populations of Coho Salmon in the Susitna River. However, ADF&G provided historic spawning 

indices, run timing, and distribution data for Coho Salmon in five lowland tributaries near 

Talkeetna, Alaska, allowing an investigation of spawning habitat. The availability of the Coho 

Salmon spawning escapement data is a key factor in selecting these streams for study because 

identifying known spawning streams saved time and fiscal resources related to the development 

of this research project. I sampled five tributary streams of the Susitna River for habitat variables 

relevant to Coho Salmon spawning. Important habitat variables were identified by a review of 

the literature, with specific application to my study streams. The results of the sampling design 

yielded four reaches for Answer Creek, one reach for Question Creek, five reaches for Birch 

Creek, 10 reaches for Rabideaux Creek, and two reaches for Sawmill Creek. Two primary 

Rosgen channel types were present among the study streams. Based on average width to depth 

ratio and slope, Answer, Rabideaux, and Sawmill creeks were an “E” type channel classification, 

while Birch and Question creeks were “C” type channels (Table 1).

Study Area

The Susitna River is the fourth-largest drainage (51,826 km2) in Alaska and contains 

parts of the Alaska Range and the Talkeetna Mountains, a high plateau including the 21-km2 

Lake Louise, and an extensive lowland in the Matanuska-Susitna Borough (Curran 2012). 

Elevations in the basin range from 6.19 km above sea level at the summit of Denali to sea level.
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In aggregate, the Susitna River drainage has the second largest abundance of Coho Salmon of all 

the rivers that drain into Cook Inlet, which supports important subsistence, sport, personal use, 

and commercial fisheries in the region. Annual sport fish harvest averaged 40,767 Coho Salmon 

from 1998 to 2007 (Ivey et al. 2007; Jennings et al. 2010). Susitna River Coho Salmon also 

contribute to the diet of the Northern Cook Inlet population of Beluga Delphinapterus leucas, a 

federally endangered species, and Harbor Seal Phoca vitulina (ADF&G 1988).

This research was conducted in five tributaries that support Coho Salmon located in the 

lower Susitna River basin just below the tri-rivers confluence of the Susitna, Chulitna, and 

Talkeetna rivers (Figure 1.1). All streams are road accessible and in the vicinity of Talkeetna, 

Alaska, approximately 127 km north of Anchorage. Study streams included Rabideaux, 

Question, Answer, Birch, and Sawmill creeks, which are all lowland streams. The Susitna 

lowlands region is characterized by many lakes, small streams, and extensive wetland 

complexes. Answer, Question, Birch, and Sawmill creeks are first-order tributaries (Strahler 

1952) of the Susitna River, and Birch and Question creeks are outlet streams of Fish and 

Question lakes, respectively. Sawmill Creek is a first-order tributary to Rabideaux Creek, a 

second-order tributary of the Susitna River (Table 1.1). Escapement indices compiled by 

ADF&G during 1981 - 2015 recorded abundances of Coho Salmon that were 20 - 10,043 fish 

for Rabideaux Creek (including Sawmill Creek), 9 - 1,040 fish for Question Creek, 0 - 899 fish 

for Answer Creek, and 25 - 1,470 fish for Birch Creek (Oslund et al. 2017).

Radio-tagging projects estimated that the proportion of abundance of all Susitna River 

Coho Salmon destined for Rabideaux Creek was 0.4% during 2013 and 1.6% during 2014 (LGL 

2015). In 2014, the proportion of Coho Salmon destined for Birch Creek was estimated to be 

1.6%. Proportions were calculated from the total number of tags released. Spawner estimates 
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from these two streams are important because prior to these studies, no within-tributary estimates 

existed for Coho Salmon spawning contributions in the Susitna River basin.

Sampling Design

The ADF&G Anadromous Waters Catalog (AWC) specifies spawning, rearing, and 

presence of anadromous fish species in Alaska waterways. The AWC interactive mapping site 

(ADF&G, Anadromous Waters Catalog) documents that Coho Salmon spawn in Birch, 

Rabideaux, Sawmill, Answer, and Question creeks. Chinook Salmon O. tshawytscha, Chum 

Salmon O. keta, and Pink Salmon O. gorbuscha also have been documented to spawn in Birch 

Creek within the study reaches, and Sockeye Salmon O. nerka are documented to spawn in Birch 

Lake and the outlet of Birch Lake above the study reaches. Run timing varies for Pacific salmon 

species present in these systems, with minimal temporal overlap in study streams (S. Oslund, 

ADF&G, personal communication). Susitna River streams support Coho Salmon from late July 

through mid-August, Chinook Salmon return from early June through late June, Sockeye Salmon 

from mid-July through mid-August, and Chum Salmon from mid-July through mid-August 

(adfg.alaska.gov/static-sf/Region2/pdfpubs/valley_runtime.pdf). Streams known to support 

spawning Coho Salmon were first identified using the ADF&G AWC and historical ADF&G 

Coho Salmon spawning foot-survey data (S. Oslund, ADF&G, personal communication). The 

ADF&G has conducted Coho Salmon spawning surveys within each of these streams from 1981 

to present (Oslund 2013; Oslund et al. 2017).

In my study, a sampling unit was defined as a 150-m reach considered to be 

representative of the stream based on hydrogeomorphic patterning considered important to fishes 

(Rosgen 1996; Fukushima 2001). Within each reach, transects were spaced every 10-m 

perpendicular to the thalweg, with the linear stream distance measured along the thalweg using a 
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field-grade measuring tape. Study reaches were marked with pin flags, and global-positioning 

system (GPS) waypoints were assigned to the start and end of each study reach.

Habitat metrics were collected throughout the study area at Answer, Question, Birch, 

Sawmill, and Rabideaux creeks from June through August 2013 and August 2014. The number 

of reaches per stream varied based on the upstream extent of corresponding ADF&G historical 

escapement count surveys. For each stream, the number of sampled study reaches was dependent 

on the stream length of ADF&G spawning surveys, and all study reaches fell within the extent of 

the ADF&G historical Coho Salmon spawning surveys. The number of study reaches for each 

stream ranged from one to 10 reaches, depending on stream length. Study reaches were 

designated between the upper and lower extent of GPS waypoints of ADF&G annual spawning 

surveys. Sampling was attempted at every fifth reach from the mouth of the stream and to the 

upper most extent of the ADF&G spawning survey locations.

Reaches were analyzed that were both selected and not selected by female Coho Salmon 

for spawning (design II; Manly et al. 2002). “Selection” was based on the presence of a redd, 

aggregates of spawning Coho Salmon, or paired Coho Salmon. Species-distribution modeling 

studies suggested that a minimum of 25 selected and non-selected reaches each are expected to 

lead to acceptable prediction accuracy (Manly et al. 2002; Stockwell and Peterson 2002). 

Following this logic, I attempted to collect data from 25 “selected” and “non-selected” reaches. 

For analyses, one reach in Rabideaux Creek and two reaches in Birch Creek were removed due 

to the lack of corresponding habitat data.

A systematic sampling design was used to divide study streams into consecutive 150-m 

reaches and sample every fifth study reach beginning at a randomly selected study reach at the 

downstream terminus of study streams (Cochran 1977). A systematic sampling design was 
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chosen over a random sampling scheme to allow for ease in the “draw” of sample units and to 

increase ease of repeatability. Study reaches were located outside of the channel influence of any 

stream crossing (e.g., culverts), such that the stream gradient, channel width-to-depth, substrate 

composition, channel unit type, and potential for groundwater exchange was not altered by the 

presence of culverts. Based on the combined length of the study streams and anecdotal 

knowledge shared by ADF&G about Coho Salmon spawning activity in the system, this 

sampling protocol was expected to achieve a minimum of 25 selected and non-selected sampling 

reaches each in each study stream.

Habitat Variables

To best describe variation in Coho Salmon spawning habitat, I focused on measuring 

habitat variables relevant to spawning-site selection. Habitat variables measured at each study 

reach included gradient, channel-unit type, channel-unit frequency, width-to-depth ratio, 

substrate size, and vertical hydraulic gradient (VHG). Gradient was measured using a 

professional-grade survey laser and stadia rod. Channel-unit pools, glides, and riffles (Bisson et 

al. 1981) were enumerated and the linear distance of each channel unit was measured within each 

study reach. Width-to-depth ratio was measured using a field-grade measuring tape and stadia 

rod. Substrate composition was recorded as percent area based on a modified Wentworth scale 

(Wentworth 1922; Table 1), and VHG was measured using mini-piezometers (Baxter et al. 

2003). The modified Wentworth scale combined (e.g., lumped) individual size ranges of silt, 

sand, gravel, cobble, and boulder substrate categories.

Stream gradient, defined as the slope of the stream channel, was measured as the average 

water surface slope and a survey laser and stadia rod were used to measure each reach gradient. 

The value of gradient was expressed as slope (%), calculated by dividing the difference in water 
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surface elevation between line-of-sight gradient measurements. The value for the total study 

reach gradient was calculated as the average % slope from all measured values.

Pools were characterized as having a concave stream bottom within the river thalweg, 

smooth water surface, slower water velocities than the remainder of the stream channel (Frissell 

et al. 1986; Hawkins et al. 1993), and occupying more than 50% the stream channel. Riffles were 

those areas of the stream in which turbulence in the water column was the major identifying 

characteristic. These units contained shallow, swift-flowing water, and were characterized by 

boulder or cobble substrates. Glides were described as stream habitats with characteristics 

intermediate between pools and riffles (Bisson et al. 1981; Hawkins et al. 1993).

The dominant channel unit type (e.g., pool, riffle, glide) was recorded within the thalweg 

of each 10-m sampling unit of a 150-m study reach to capture variability (Bisson 1992). For each 

study reach, channel units were delineated for each 10-m transect segment by starting at the 

downstream transect and measuring the longitudinal distance of each channel unit type by 

following the thalweg until a total distance of 10-m was reached (the next transect upstream of 

the start point). Channel unit lengths were recorded as continuous lengths up to 10-m in length. If 

the channel unit was longer than 10-m, it was recorded into the next transect. These values were 

used to calculate the actual distance of each channel unit within the 10-m stretch in place of the 

cumulative distance. The percentage of the channel unit for each 10-m stretch was calculated as 

the actual distance of each channel unit within the 10-m stretch divided by the 10-m total 

distance.

Width-to-depth ratio is an index value that denotes the shape of the channel collected at 

cross-section transects (Rosgen 1996; Harrelson et al. 1994). Measurements of bankfull width 

were taken using a field-grade measuring tape at the level of bankfull discharge between stream 
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banks. Bankfull depth measurements were taken at 0.6-m intervals across each of 15 cross

section transects using a stadia rod moving from the left to right bank. The width-to-depth ratio 

at each cross-section transect was calculated by dividing bankfull width by average bankfull 

depth (Rosgen 1996; Harrelson et al. 1994).

Substrate composition was categorized across transects within each 150-m study reach. A 

viewing bell (JMX Nuova Rade underwater bathyscope, Genoa, Italy) was used to visually 

estimate percent area substrate type across each of the 15 transects (Figure 2). Three views 

randomly spaced across each transect were taken and the percent area of substrate classes was 

recorded. Substrate size classes were based on a modified Wentworth Scale (Wentworth 1922), 

that combined relative sizes of individual substrate categories that include silt (SLT), sand 

(SND), gravel (GVL), cobble (COB), and boulder (BOL).

Hyporheic exchange between groundwater and surface water was induced by differences 

in surface water elevation within the streambed, and was measured by calculating the vertical 

hydraulic gradient (VHG; Baxter et al. 2003) expressed as: 

where Δh was the difference in head between the water level of the piezometer and the level of 

the stream surface (cm) and Δl was the depth from the streambed surface to the first opening in 

the piezometer sidewall. To obtain Δh, the measure of the water level height within the 

piezometer and the height of the stream surface was measured and the difference between the 

two was calculated (Baxter et al. 2003; Gordon et al. 2004; Mull 2005). The VHG is a unitless 

measure that is positive under upwelling conditions and negative under downwelling conditions 

(Brunke and Gonser 1997; Baxter et al. 2003; Buffington and Tonina 2009), and is related to 

channel bedform, substrate permeability, and depth of substrate (Brunke and Gonser 1997).
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To evaluate VHG within a study reach, piezometers were installed in the thalweg for 

each of the 15 transects within 150-m reaches of each stream at depths of approximately 30-40 

cm (DeVries 1997; Baxter et al. 2003; Gordon et al. 2004; McRae et al. 2012; Mouw et al. 

2014). One piezometer per transect was installed to improve precision estimates of VHG 

complexity within each reach, and piezometer installation consisted of pounding a sleeved (1.23 

m) aluminum conduit pointed driving rod (1.39 m) capped with a (1.91 cm) threaded metal 

nipple into the stream substrate using a post-hole pounder. The driving rod was then extracted 

from the sleeve, leaving the sleeve in place. A polyvinyl chloride (PVC) pipe piezometer was 

inserted into the sleeve at depth, and the sleeve was removed, leaving the piezometer in the 

substrate bed (Figure 1.3). The piezometer consisted of 1.27 cm external diameter (inner 

diameter 1.11 cm) polyvinyl chlorinated [PVC] pipe that was perforated with approximately 30 

evenly spaces holes [hole diameter, 0.238 cm] over the bottom 20-cm of its length and plugged 

with a cork at the bottom. The piezometer was purged and allowed to equilibrate, which occurred 

within seconds to minutes (Baxter et al. 2003). Water-level measurements were taken to the 

nearest 0.01 cm using a Solinst 102M water-level meter, and VHG was reported at the transect 

scale.

Measurements of VHG provide information about the head pressure differential between 

the surface and groundwater level, which provided information on the presence of groundwater 

and the direction of groundwater-surface water exchange. To measure the rate at which the 

groundwater and surface water levels equilibrate based on substrate permeability, hydraulic 

conductivity (Kh) was also measured. Hydraulic conductivity is a unitless measure of the ability 

of a material (i.e., sediment) to transmit water through the open spaces (i.e., pores). Permeability 

is the specific property of the material (functionally the same in the case of this study), whereas
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the hydraulic conductivity is the overall ability to conduct the water. The direction of surface and 

groundwater exchange processes vary with hydraulic head. To calculate hydraulic conductivity 

(Kh), the rate of streambed substrate permeability was estimated using a “falling head slug test” 

(Baxter and Hauer 2000; Baxter et al. 2003). The slug test provided a measure of the rate 

(cm/sec) of water-level equilibration between the piezometer and the surrounding groundwater 

(Baxter et al. 2003). The slug test was conducted by instantly filling the piezometer with water at 

start time t = 0 and sequentially measuring the change in water level in the piezometer over time 

using the Solinist 102M water meter and a wrist-watch. To further explain, the slug test is really 

pouring water into the piezometer, with the time it takes to return to equilibrium (or the water 

level that was observed prior to the test) used to estimate the properties of the substrate below the 

stream bed (specifically the hydraulic conductivity). Hydraulic conductivity was calculated as: 

where dpiezometer was the inside diameter of the piezometer (= 1.11 cm), and h0 was 136 cm height 

at time zero at the top of the piezometer calculated as the length of the piezometer (153.8 cm) 

minus the height of the screened length (18 cm). As a result, the h1 height was calculated as (136 

cm - water level measurement), with t0 = time zero being the start of the slug test and Δt was the 

difference between t0 and the end of the test (when the water level returned to equilibrium). In 

most instances, the piezometer equilibrated immediately or within minutes. If the transect falling 

head was too fast to record the rate, the fastest falling head recorded in the reach was used for the 

Kh value. In instances when the piezometer lagged in equilibrating, it was allowed to sit for a 

maximum of five minutes, noted as such, and recorded as zero (B. McCracken, U.S. Fish and 

Wildlife Service, direct observation).
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where q was flow length of water per time (cm/s) and Kv was vertical hydraulic conductivity. To 

compare the groundwater flux data among reaches within streams I calculated the standard 

deviation (Figure 1.11.). To compare groundwater flux among the streams, I calculated the 

standard error (Figure 1.12). I calculated standard error (rather than standard deviation) at the 

stream scale because it took into account sample size and measured the sample mean from the 

population mean, thereby applying smaller measure of error to the larger stream-habitat scale. 

Spawning Surveys

A stratified survey design was used during September and October 2013 and August 

through October 2014 to assess Coho Salmon spawning within study reaches. Foot and boat 

surveys of spawning activity, location, and fish disposition were documented for each survey 

“event.” A survey event consisted of five consecutive days of sampling. Survey events were 

structured such that each study stream was sampled twice over the peak of the Coho Salmon run, 

with sampling events for each stream spaced one week apart. Surveys were conducted by two 

technicians walking upstream on opposite banks with continuous visual and verbal contact with 

each other or floating downstream in pack rafts or a canoe within continuous visual and verbal 

contact.
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The potential for VHG and hydraulic conductivity were used to evaluate a groundwater 

signature of upwelling, downwelling or neutral conditions (Lee and Cherry 1978; Baxter et al. 

2003; Kondolf et al. 2008; McRae et al. 2012; Mouw et al. 2014). Groundwater flux (q) was 

calculated using the VHG (Δh∕Δl) and hydraulic conductivity (Kh), according to Baxter et al. 

(2003) as:



During 2013, “Event 1” was completed the last week of September. However, the 

subsequent 2013 government shutdown did not allow for “Event 2” of the spawning surveys to 

be conducted and the limited Coho Salmon spawning data collected during 2013 were not 

sufficient to allow for associations or predictions to be made. During 2014, two field technicians 

returned to conduct spawning surveys between August 18 and October 8 and collected a more 

robust spawner data set. Spawning surveys for 2013 and 2014 used identical protocols 

(Gallagher and Gallagher 2005; Crawford et al. 2007). For each survey, stream name, reach 

number, transect number, survey date, and latitude and longitude of Coho Salmon spawners were 

recorded onto a pre-printed data sheet. “Spawning activity” was recorded as either “live 

aggregate (> 2 individuals),” “live paired (# of fish),” or “redds” (Gallagher and Gallagher 2005; 

Crawford et al. 2007). Observations of spawning redds, spawning pairs, and spawning 

aggregates (Van den Berghe and Gross 1989; Fleming and Gross 1994) were recorded and a 

GPS waypoint was taken within each stream as close as possible to the identified spawning 

activity. In Question, Answer, and Sawmill creeks, this was accomplished by holding the GPS 

over the stream bank at the point of spawning activity observed during foot surveys. For 

Rabideaux and Birch creeks, this was accomplished by taking a GPS waypoint while either 

floating over the top of or alongside the identified spawning activity.

During each survey, individual redds within identified stream reaches were counted, 

marked, and uniquely labeled on paper data forms and in the field to avoid overestimating the 

number of redds within the stream (Dunham et al. 2001; Gallagher and Gallagher 2005; 

Muhlfield et al. 2006). Redd locations were marked by GPS and flagged weekly. The study 

design assumed that marked and flagged redds were equally detectable as unmarked/assumed- 

new redds, and the risk of double counting redds would not result in biased counts.
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Data Analyses

A linear mixed-effect modeling approach was used to evaluate relevant associations 

among continuous (e.g., depth, width, groundwater flux, slope) and categorical (i.e., substrate 

size and channel unit type) independent variables on Coho Salmon spawning activity. Model 

goodness-of-fit was evaluated using the maximum-likelihood test to evaluate the likelihood of 

spawning activity represented by my dataset. Collinearity of predictor variables was assessed by 

calculating correlation values and variance inflation factors (VIF). Covariates with VIF values > 

10 were removed from model consideration due to multicollinearity (Craney and Surles 2002). 

Remaining covariates included in the global model had a VIF value < 10, indicating that 

collinearity among those predictor variables was low.

Candidate models explaining spawning site selection for Coho Salmon were fit to a set of 

global generalized linear mixed models (GLMM) and a global model that included all variables 

using the “lmer” function (“glmer,” “glmer.nb”) in R-programming software version 3.5.2 

(Package “lme4”). The simple linear distribution model (lmer) was not helpful for drawing 

inferences and was subsequently dropped from further consideration. The binomial (glmer; 

used/unused) and negative binomial (glmer.nb) models were carried forward for further analysis 

to identify the most plausible predictor of Coho Salmon spawning activity. The binomial model 

was used to assess the incidence (i.e., presence or absence, success or failure; indicated as “0” or 

“1,” respectively) of spawning activity, while the negative binomial was used to assess the 

relationship between the abundance (i.e., counts) of Coho Salmon and habitat variables while 

accounting for zero inflation and overdispersion of my dataset.

Random effects (“stream” and “reach”) were incorporated into models due to the nested 

data set to account for unexplained spatial variability among stream and reach scales. Reaches 
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were considered to be independent within streams due to the systematic sampling design and 

spatial distancing between the stream reaches (e.g., the reaches do not “touch” each other). 

Transects were considered to be dependent because they “touch” each other and there was no 

spatial separation of transects within reaches. As a result, transects could not be considered as 

independent random effects and were not included in the random-effects analysis (A. M. Benson, 

U. S. Fish and Wildlife Service, personal communication).

I used an information-theoretic approach to select the best model to characterize Coho 

Salmon spawning site selection given the data (Burnham and Anderson 2002). This analysis was 

based on Akaike Information Criterion (AIC; Akaike 1973) scores corrected for small sample 

size (AICc; Hurvich and Tsai 1989), with the sample size set equal to the total number of 

transects. I identified the top models using AIC criteria, and then identified the key predictor 

variables of the models. Models with the lowest AICc score and highest Akaike model weight 

(wi) were considered top models. Akaike Information Criterion determines the relative 

information value of the model using the log-likelihood estimate and the number of parameters 

(independent variables) in the model. I used AIC model selection to distinguish among a set of 

possible models describing the relationship between spawning activity and habitat parameters. 

This approach penalizes for adding parameters, and therefore selects a model that fits well but 

has a minimum number of parameters to meet the principles of simplicity and parsimony 

(Mazerolle 2006). The difference in AICc between models was calculated by subtracting the 

lowest (best) AICc score from all AICc scores (Wegner and Freeman 2008). Lower AIC values 

indicated a better model fit when compared to a model fit with a higher AIC. Because AIC is a 

relative measure of model parsimony, it only has meaning if compared to the AIC for alternative 

hypotheses (i.e., different models). I considered the best model as that which had the lowest AIC 
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score and the highest model weight (AICcWt). A global model was included and used as the 

most complex model to compare to simpler models (Mazerolle 2006). This approach focuses on 

the strength of evidence to give a measure of uncertainty for each model.

I averaged parameter estimates for a subset of negative binomial and binomial 

distribution models with AICcWt. ≥ 0.05 to improve the predictive power and assess model 

uncertainty (Burnham and Anderson 2002). “Stream” and “reach” were added as random effects 

for the top models to analyze spawning habitat covariates at multiple scales and determine 

coefficients of variation. Covariates among the two distribution models were not identical, but 

were those carried forward from prior analyses under the two distributions. The AICcmodavg 

function in R (Version 3.5.2, MuMin package) was used to derive the overall best model- 

averaged fit for covariates in my dataset. I reported the results of model-averaged parameter 

estimates and unconditional 95% confidence intervals based on candidate model subsets. From 

the subset of averaged models, the model distribution with the lowest AICc value and greatest 

AICcWt was considered to be the best approximating model for my dataset. I selected the best-fit 

model for the negative binomial distribution and the best-fit model for the binomial distribution. 

I then selected between the negative binomial and the binomial model to best represent and 

explain spawning site selection of Coho Salmon.

Results

Habitat Variables

Five tributary streams were sampled for habitat variables relevant to Coho Salmon 

spawning. In Answer Creek (N = 4 reaches), 183 m of stream length was sampled, whereas 

Question Creek (N=1) resulted in 46 m of stream length sampled, Birch Creek (N=5) resulted in 

229 m of stream length sampled, Rabideaux Creek (N = 10) resulted in 457 m of stream length 
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sampled, and Sawmill Creek (N=2) resulted in 91 m of stream length sampled, for a total of 

1,006 m of sampled stream length. Summary statistics for select habitat variables are provided in 

Table 1.1. All streams had a slope gradient < 2%. Bankfull widths ranged from 0.64 to 20.7 m 

(mean = 50.7 m, SD = 17.4; Figure 1.4), and stream depths ranged from 0.5 to 0.91 m (mean = 

0.68 m, SD = 0.17; Figure 1.5). Substrate composition varied among the five streams (Figure 

1.6), with gravel the dominant substrate in all streams except for Birch Creek, where sand was 

the dominant substrate. The dominant characteristics of “C” channel type were a slightly 

entrenched, well-developed flooplain, relatively sinuous channel slope of 2% or less, and a riffle

pool channel form morphology. The “E” channel types were slightly entrenched, with very low 

width-to-depth ratios, and high sinuosities. These channel types are characterized by a consistent 

series of riffle-pool reaches that generate the highest number of pools per unit distance per 

channel relative to other riffle-pool stream types. Channel types “C” and “E” are similar in 

classification, with “E” type systems considered more stable than “C” type systems. However, 

under disturbance, “E” types can become a “C” types and vice versa.

The VHG values indicated predominantly downwelling across study streams, but the 

direction (i.e., up- or downwelling) varied among and within stream reaches. Downwelling 

ranged from -5.92 cm3/s in Reach 9 (transect 7) of Answer Creek to upwelling of 2.67 cm3/s in 

Reach 27 (transect 11) of Rabideaux Creek (Table 1.2). Of the 330 piezometers installed in 22 

reaches, 148 transects yielded negative VHG (45%), 98 (30%) yielded zero or neutral VHG, and 

84 (25%) transect piezometer readings yielded positive VHG readings. Mean groundwater flux 

and dominant signature by reach are shown in Table 1.2. Mean groundwater flux across streams 

ranged from -1.62 (Answer Creek) to -0.08 (Rabideaux Creek), indicating the predominance of 

downwelling through the stream bedform. At the reach scale, groundwater flux ranged from - 
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5.92 (Reach 9, Answer Creek) to 0.27 (Reach 27, Rabideaux Creek), demonstrating the range of 

groundwater flux variability across reaches. No clear longitudinal patterning of groundwater flux 

values within streams was apparent; however, streams with greater than two study reaches 

(Answer, Birch, and Rabideaux creeks) exhibited areas of upwelling and downwelling within 

reaches.

Spawning Surveys

Spawning activity was documented in 131 of the 330 transects sampled (40%) across the 

five study streams (N = 22 reaches). The total spawning activity count was 1,335 Coho Salmon 

(mean = 4.05 fish per transect, SD = 14.46). At the transect scale, spawning activity counts 

ranged from 0 to 180 Coho Salmon (Reach 13, Transect 3 in Birch Creek). At the reach scale, 

Birch Creek (Reach 13) had the highest overall spawning activity count (N = 460 Coho Salmon). 

The highest total number of spawning Coho Salmon (N = 598 Coho Salmon) by stream was 

documented in Birch Creek, followed by Question Creek (N = 325), Rabideaux Creek (N = 271), 

Answer Creek (N = 110), and Sawmill Creek (N = 31). Summary statistics of spawning activity 

by stream are provided in Table 1.3.

A greater proportion of transects supported spawning activity when a groundwater 

signature (i.e., negative or positive VHG) was present compared to transects with neutral 

groundwater signature (i.e., VHG = 0; Figure 1.7). Question Creek, with one study reach (15 

transects), had the highest mean proportion (87%) of transects with spawning activity (N = 325 

Coho Salmon) with groundwater signature. The dominant groundwater signature for the 

Question Creek reach was downwelling (Table 1.2). Rabideaux Creek had the most study 

reaches (10) and supported the lowest mean proportion (21%) of transects with spawning activity 

(N = 271; Figure 1.7; Table 1.2). The dominant groundwater signature recorded in Rabideaux 
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Creek during this study was downwelling (Table 1.2). Figures 1.8-1.10 show spawning activity 

relative to groundwater signature at the stream, reach and transect scales. These graphics 

demonstrate the subtle nuances in groundwater expression that Coho Salmon key into, and that 

the majority of spawning activity occurred within a narrow range of downwelling signatures 

(Figures 1.8-.10). At the stream scale (Figure 1.8), spawning activity occurred predominantly 

where the mean groundwater influence was downwelling. At the reach scale (Figure 1.9), 

downwelling sites also indicated the most spawning activity. At the individual transect scale 

(Figure 1.10), Coho Salmon selected spawning sites that were predominantly downwelling.

Because my study results indicate that groundwater is an important habitat predictor for 

Coho Salmon in Alaska, I analyzed groundwater flux at both the reach and stream scales. 

Variability in groundwater flux was evident across reaches regardless of the stream within which 

they were nested, ranging from 0.05 to 11.7. Reach 12 of Rabideaux Creek had the smallest 

standard deviation (SD = 0.05), while reach 9 of Answer Creek had the largest standard 

deviation (SD = 11.7). Standard errors among the streams ranged from 0.10 in Rabideaux Creek 

to 0.81 in Answer Creek.

Negative Binomial Random Effects Model Averaging

A subset of eight (of 17) candidate negative binomial models with AIC weights ≥ 0.05 

along with the global model was advanced for averaging to determine the top model to explain 

spawning activity. Results from the negative binomial random effects model averaging showed 

that Coho Salmon spawning site selection was best explained by groundwater presence (GWP) 

and percent gravel substrate (GVL). The subset of negative binomial models represented my 

“confidence set” for this distribution. All candidate models included either groundwater presence 

(GWP) and/or groundwater flux (GWF) and percent substrate composition (e.g., silt, sand, 
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gravel, cobble). The GWP + GVL model represented 24% of the weight of candidate models, 

indicating that it was the best negative binomial model of all model considered to explain 

spawning site selection in the study streams (Table 1.4). The next closest model to the top model, 

groundwater presence and cobble (GWP + COB), explained 21% of the weight in spawning 

activity, indicating slightly lesser predictive power to explain Coho Salmon spawning site 

selection. The top six binomial models were within two AICc of each other and all contained 

either GWP or GWF, indicating the importance of groundwater.

Following model averaging, GWP was the only covariate for which the unconditional 

95% confidence interval did not overlap zero (95% CIs = 0.05, 0.61), indicating that 

groundwater presence was a positive predictor of Coho Salmon spawning site selection (Table

1.5) . Top-model results of random effects analysis indicated that more of the variability in the 

data was accounted for by the random effect of the reach scale (variance = 1.3, SD = 1.16; Table

1.6) than at the stream scale (variance = 0.04, SD = 0.19) of habitat analysis. The most 

compelling evidence of spawning site selection to support this model was a spawning aggregate 

of 325 Coho Salmon in Reach 1 of Question Creek, where gravel was the dominant substrate and 

mean groundwater flux was -0.38 (Table 1.1). Question Creek also had the smallest bankfull 

depth (BFD; 0.51 m) and greatest slope (1.99) of the study streams, resulting in greater sinuosity 

and bed flow-through adding to the measured channel complexity (Figure 1.5; Table 1.1).

Binomial Random Effects Model Averaging

A subset of ten (of 17) candidate binomial random effect models with AIC weights ≥ 

0.05 was advanced for model averaging to determine the top model. The subset of binomial 

models plus the global model represented my “confidence set” for this distribution. Results of 

model averaging showed that Coho Salmon spawning site selection was best explained by 
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groundwater presence (GWP) and percent cobble substrate (COB). The GWP + COB model 

represented 27% of the weight of candidate models (Table 1.7). The next best model had only 

13% weight and over one AICc unit less than the top model. Of the four top models, GWP was 

in three of them as was COB indicating their importance as a predictor.

Following model averaging, COB was the only covariate for which the unconditional 

95% confidence interval (95% CIs = -0.06, -0.04) did not overlap zero, indicating that Coho 

Salmon spawning-site selection decreased with increasing percent cobble substrate and increased 

with a signature of groundwater flux, either negative or positive (Table 1.8). Top-model results 

of random effects analysis indicated that more of the variability in the data was accounted for at 

the stream scale (variance = 0.63, SD = 0.79) then at the reach scale (variance = 0.27, SD = 0.52) 

of habitat analysis (Table 1.9).

Discussion

Spawning-Site Selection

Spawning habitat requirements for some Pacific Salmon species have been relatively well 

documented (McMahon 1983; Vronskiy and Leman 1991; Leman 1993; Martin et al. 2004); 

however, few studies have been conducted on Coho Salmon and none have occurred in Alaska 

where a wide variety of undisturbed habitats remain. Only three studies have examined Coho 

Salmon spawning site selection, and these studies were conducted outside of Alaska (Mull and 

Wilzbach 2007; McRae et al. 2012; Clark et al. 2014). Clark et al. (2014) examined the effects 

on Coho Salmon reproduction and in-stream restoration from the addition of large woody debris 

in a reach of Little Wolf Creek (drainage area 23.75 km2), a tributary of Wolf Creek in the 

Umpqua River basin, Oregon. A resource-selection model demonstrated that redd site selection 
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of female Coho Salmon was most closely linked to distance to the nearest pool tail, depth at the 

tailspill, and maximum depth. Site selection of Coho Salmon was linked to a broad suite of 

habitat variables, but the proximity to a pool tail or riffle crest, locations where groundwater 

exchange has shown to be high, ultimately was the driver of site selection (Clark et al. 2014). For 

interior Fraser River tributaries of British Columbia, Coho Salmon spawning-site selection was 

found to be linked to intra-gravel variables including dissolved oxygen, electrical conductance, 

water temperature, and discharge (McRae et al. 2012). Mull and Wilzbach (2007) studied the 

selection of spawning sites by Coho Salmon in Freshwater Creek (drainage area 67.3 km2), a 

tributary of Humboldt Bay in northern California. The authors found that Coho Salmon selected 

redd sites that had smaller median particle diameters, a larger percentage of gravel and pebble 

substrates, and higher gravel inflow rates. The general conclusion from these studies was 

consistent with the results of my research that showed areas of higher inter-gravel surface and 

groundwater exchange that provide increased quality of egg incubation within selected redd sites 

(Bjornn and Reiser 1991; Geist and Dauble 1998).

To address Objective 1 that determined the best biophysical predictors of spawning Coho 

Salmon and Objective 2 that compared spawning sites among study streams, I recognized that 

Coho Salmon take advantage of many habitat types and it is presumed that successful spawning 

only occurs where site conditions are suitable for both redd formation and egg incubation. A 

range of habitat conditions was available to Coho Salmon in my study streams, and site selection 

presumably reflected the highest quality spawning habitat. My model results identified physical 

(substrate) and water-quality (groundwater) parameters as the most predictive of spawning-site 

selection and suggested that Coho Salmon selected attributes of groundwater such as temperature 

and dissolved oxygen. These findings are similar to those from Alaska-based studies that 
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investigated habitat requirements for Chum Salmon spawning in clearwater side-channel and 

slough (off-channel) riverine habitats (MacLean 2003; Anderson and Bromaghin 2009; Curran et 

al. 2011; Wirth et al. 2012; Mouw et al. 2014; Clawson et al. 2021). Summer-run Chum Salmon 

spawning area in Hodgins Slough, a side-channel of the Chena River and a clearwater tributary 

of the glacial Tanana River, as well as the fall-run Chum Salmon spawning area in Bluff Cabin 

Slough, a clearwater side-channel of the Tanana River, identified two types of Chum Salmon 

spawning strategies; one influenced by downwelling groundwater (summer run) and one 

influenced by upwelling groundwater (fall run; Maclean 2003). These differences in selection of 

groundwater influences were linked to spawning strategies that increase spawning and 

reproductive success. Observations of spawning Chum Salmon in the Tanana River suggested 

strong linkages between the availability of open water in winter and groundwater processes that 

provided areas of upwelling (Wirth et al. 2012). Although hydrologic conditions of groundwater 

in clearwater side-channels of the glacial Matanuska River were found to be important influences 

that supported Chum, Sockeye, and Coho Salmon spawning areas, no tributary habitats were 

studied (Anderson and Bromaghin 2009; Curran et al. 2011). Two spawning strategies of 

summer-run Chum Salmon in the Kwethluk River were identified based on hydraulic conditions 

in primary (downwelling) and off-channel habitats (upwelling) (Mouw et al. 2014). Fine-scale 

habitat characterization of groundwater upwelling and downwelling was found to be important 

for fall Chum Salmon spawning among Teedriinjik River channel types (Clawson et al. 2021). 

Numerous studies have also been conducted in areas of groundwater exchange in the clearwater 

side channels and side sloughs of the mainstem Susitna River for Chum, Sockeye, and Coho 

salmon spawning during the 1980s and 2000s related to the proposed Susitna-Watana 

hydropower dam project (http://www.susitna-watanahydro.org/) . Collectively, the implications 
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of the importance and availability of groundwater upwelling and downwelling suggest strong 

linkages to successful egg incubation and development which support my study results on the 

relevance of groundwater exchange to spawning habitat quality for Coho Salmon.

Coho Salmon undertake extensive migrations from the marine environment to natal 

streams to spawn once during their entire life cycle; as a result, spawning-site selection by 

females is critical (Quinn 2005). The redd environment is important because salmon do not 

exhibit parental care beyond the deposition of eggs and milt and the covering of the redd site 

(Morrow 1980; Quinn 2005). The lack of suitably sized substrate can limit spawning success 

because spawning females must be able to move substrate to excavate a depression to create a 

redd (Allen 1969; Crisp and Carling 1989; Kondolf 2000). This suggests that there is an upper 

limit to suitable spawning substrate size, depending on the size of the species or individual 

female. For successful egg incubation, the substrate must also be relatively free of fine sediment 

(e.g., silt, sand) to allow sufficient flow of water for oxygenation and cleansing of waste from the 

eggs (Greig et al. 2007; Lapointe 2012). This suggests that a lower limit to suitable spawning 

substrate size exists based on the ability to support necessary metabolic conditions for egg 

growth and development. In between the upper and lower limits, spawning substrate must 

provide adequate interstitial spacing to protect eggs from predators and to allow emergence from 

the gravel. To increase survival of their offspring, Coho Salmon in the tributaries of the Susitna 

River preferentially selected sites within stream reaches with gravel substrate (2 - 64 mm) over 

sites with silt, sand, or cobble. At the reach scale, female Coho Salmon preferentially selected 

areas with gravel substrate and the presence of groundwater flux, suggesting local adaptation to 

stream-basin geomorphology (Brunke and Gonser 1997; Beechie et al. 2008; Morbey and 

Hendry 2008; Bett and Hinch 2016). In my study, streams were similar in channel type, 
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substrate, and gradient, and had similar patterns of precipitation and groundwater flow. These 

similarities were a result of the streams close proximity to each other within the basin. However, 

at the reach scale, there were local-scale differences that Coho Salmon might select for spawning 

sites. The substrate selected by females was predominantly gravel, likely because this substrate 

type facilitates the flow of groundwater above (e.g., upwelling) and through (e.g., downwelling) 

the substrate surface. These results are similar to spawning sites selected in Freshwater Creek, 

California, where the gravel-pebble fraction of substrate was positively related to Coho Salmon 

site selection (Mull and Wilzbach 2007).

An important outcome of my analytical results is that inferences regarding the importance 

of groundwater flux for Susitna River Coho Salmon spawning habitat selection was supported by 

both modeling approaches. In Birch Creek, my only study stream where sand was the dominant 

substrate, the majority of spawning Coho Salmon documented were found where groundwater 

downwelling was present, suggesting that the presence of groundwater is the primary driver of 

site selection. Characteristics of the groundwater-surface water interactions can vary widely 

spatially and temporally and across systems (Brunke and Gonser 1997; Lapointe et al. 2012) 

creating heterogeneous conditions. Piezometer data from a study on the Columbia River, 

California, linked Chinook Salmon spawning to areas of downwelling (i.e., negative VHGs) and 

Chum Salmon spawning to upwelling areas (i.e., positive VHGs; Geist et al. 2002). Coho 

Salmon in Freshwater Creek, northern California, also preferred downwelling locations over 

upwelling sites (Mull and Wilzbach 2007). Hyporheic flow was considered important to Chinook 

Salmon in the Kamchatka River, Russia, regardless of upwelling or downwelling (Vronskiy and 

Leman 1991). Several studies in Alaska have documented groundwater-driven systems as 

providing unique salmon spawning, rearing, and overwintering habitats (Groot and Margolis
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1991; Maclean 2003; Curran et al. 2011; Woody and Higman 2011; Wirth et al. 2012; Mouw et 

al. 2014). Even in the absence of optimal substrate, Chum Salmon have been documented to 

select spawning areas with upwelling groundwater that promote oxygenation of incubating eggs 

(Maclean 2003; Mouw et al. 2014). This suggested that fish were not randomly selecting 

spawning sites, and that site selection may be based on: 1) habitat availability; and 2) both 

groundwater flux and gravel were at play. Although Coho Salmon in my study may have 

spawned at sites of neutral groundwater signature, I found that some Coho Salmon selected sites 

for spawning that were neutral in groundwater signature with gravel substrate. However, Coho 

Salmon predominantly selected upwelling and downwelling sites, with a preference for 

downwelling sites. This result is ecologically meaningful because Coho Salmon preferentially 

selected sites with the presence of a groundwater signature and predominantly sites that had a 

downwelling signature. As a result, the presence of a groundwater signature may be the most 

important driver of Coho Salmon spawning site selection in Susitna River tributaries.

Sites with groundwater exchange and gravel substrate provide conditions with greater 

oxygenation and cleansing of eggs, are more thermal stable thus promoting embryo growth and 

development. Further, these locations avoid freezing conditions during winter (Schalichli 1992; 

Brunke and Gonser 1997; Wirth et al. 2012). The preferential and predominant selection of these 

conditions by females is adaptive for these populations because Coho Salmon spawn later in the 

season (mid-November through December) at lower water temperatures relative to other 

salmonids (Halupka et al. 1996) and therefore need groundwater exchange and permeable 

substrate to increase egg survival. This life-history strategy is an important adaptation for Coho 

Salmon because they have the shortest incubation period of the five Pacific salmon species 

(Beacham and Murray 1990). Relative to other Pacific salmon, Coho Salmon undergo a rapid 
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developmental rate at all temperatures, which allows them to maintain spring emergence timing 

aligned with other species including prey species (Murray and McPhail 1987; Cushing 1990; 

Lapointe et al. 2012). The range of temperatures during egg incubation and development is also 

critical. Beacham and Murray (1990) concluded that Coho and Sockeye Salmon embryos in a 

laboratory study were best adapted to survival at low incubation temperatures (1.5°C), but were 

the poorest adapted to survive at high incubation temperatures (8 or 12°C). This is in contrast to 

optimal low Coho Salmon egg incubation temperatures of 3.1°C and high incubation 

temperatures of 8.9°C conducted in the Skagit River, Washington (Graybill et al. 1979). Coho 

Salmon had the most rapid rates of growth and development through emergence among the five 

Pacific salmon species (Beacham and Murray 1990). Incubation conditions in the field are more 

variable than in the lab, suggesting that incubation timing may not be comprehensively explained 

by accumulated thermal units (ATU) requirements alone (Campbell et al. 2019). Similar to fall 

Chum Salmon, the lower ATU requirement suggested that Coho Salmon have a narrow range of 

temperature tolerance relative to other salmon species for egg incubation and embryo growth and 

development (Wirth et al. 2012), which highlights the adaptive preferences for local spawning 

site conditions required to optimize reproductive success (Taylor 1991; Dittman and Quinn 

1996). In the future, if climate change continues to warm streams to the point where cool-water 

adapted species cannot find optimal conditions of groundwater exchange, incubating eggs may 

fail to develop or develop too rapidly, resulting in the emergence of offspring out of sync with 

the availability of food resources. Further, adult Coho Salmon could spawn later in reaches 

without a strong groundwater signature under potentially drying habitat conditions (Crozier et al. 

2008; Aldefio et al. 2019). As a result, warming conditions due to climate change have the 

potential to significantly disrupt Coho Salmon spawning success.
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Natal imprinting is another important adaptive strategy for Coho Salmon. Groundwater 

and surface water contributions are important to imprinting on natal waters that occurs during the 

early stages of embryonic development at the local (e.g., redd) scale when the eggs are in the 

redd (Courtenay 1989; Dittman and Quinn 1996). My study results were consistent for locally- 

adapted Coho Salmon populations spawned in the Susitna River, a basin that presents regionally 

downwelling and locally upwelling conditions (J. Mouw, Floodplain Resources, Inc., personal 

communication) and where groundwater flux is critical to spawning success because it provides 

thermal stability for incubation. Small changes in groundwater flux can be significant to fish in 

terms of site selection due to the local specific conditions of the natal imprinting environment (J. 

Mouw, Floodplain Resources, Inc., personal communication). Coho Salmon at the yolk-sac stage 

remain in the gravel for 4-10 weeks, allowing additional time to imprint to their natal stream 

conditions (Hassler 1987; Sandercock 1991). Local adaption was found to limit lifetime 

reproductive success in wild Sockeye Salmon that migrated between two distinct habitat types 

(tributary and lake beach). Sockeye Salmon that dispersed between stream-spawning populations 

had similar reproductive success to those that spawned in their natal stream, whereas those that 

dispersed from a different habitat source (nearby lake beaches) that attempted to spawn in stream 

habitats, produced half as many offspring (Peterson et al. 2014). This example of adaptive 

variation to specific ecotones (e.g., tributary versus lake) in Sockeye Salmon spawning provide 

additional evidence that preferences of distinct homing and spawning habitat selection are 

developed during the incubation, growth and emergence life stages. An interesting point is that it 

would be expected that these same sites would be used year after year by returning Pacific 

salmon due to these fine-scale adaptive pressures (Hoopes 1972). Coho Salmon home to their 

natal tributaries and would be expected to have compromised reproductive success if they 
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dispersed to other non-optimal habitats to spawn due to intraspecific resource competition. As a 

result, my study supports the need for additional research related to the balance of physical and 

water-quality drivers of spawning site selection and natal imprinting of Coho Salmon in Alaska.

Scale

The strongest inference about spawning-site selection from my research was indicated at 

the reach scale as opposed to the stream scale. To address Objective 3 (determine the best spatial 

scale to assess spawning-site selection predictors), I found it important to recognize that scale 

was critical to understanding habitat selection (Frissell et al. 1986; Weins 1989; Cooper et al. 

1998; Jackson et al. 2001; Fausch et al. 2002; Wiens 2002; Torgersen et al. 2006; Cram et al. 

2017; Hale et al. 2018). The scale at which an ecological response (e.g., redd site selection) is 

most strongly related to a watershed's structure (e.g., amount of habitat) and measured is called 

the ‘scale of effect' (Jackson and Fahrig 2013, 2015). Larger spatial and temporal variation in 

hydro-geomorphic processes at the stream scale can override or dominate ecological patterns 

occurring at finer local scales within a stream (Levins 1989). Importantly, hydro-geomorphic 

processes at the stream scale influence the finer complexity and heterogeneity of habitats at the 

reach scale (Weins 1989; Rosgen 1996; Brunke and Gonser 1997; Copper et al. 1998). Further, 

identifying the appropriate scale of effect is often related to the size, mobility, and behavior of an 

organism (Cooper et al. 1998).

I found that changing the scale of measurement and analyses (e.g., stream versus reach) 

influenced variation in spawning-site selection and the inference of my results. To best identify 

the ‘scale of effect' for spawning, random-effects analysis was conducted for top models at the 

stream and reach scales to see if important relationships not identified at one scale may be 

identified at another scale (Levins 1989; Cooper et al.1998; Fausch et al. 2002). I also found it 
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important to provide a hierarchical context for Coho Salmon habitat selection because changing 

the scale of analysis influences ecological patterns as well as model outcomes (Frissel et al. 

1986; Weins 1989; Cooper et al. 1998; Fausch et al. 2002; Weins et al. 2002; Falke et al. 2013). 

For example, assessments of Bull Trout spawning at the watershed and reach scales determined 

that more spawning occurred at the watershed scale at confined stream segments with hyporheic 

upwelling. At the finer reach scale, spawning sites were located in areas of downwelling, 

highlighting the importance of multi-scale habitat analysis for Bull Trout (Baxter and Hauer 

2000). Similarly, the results from my research indicated that the smaller reach scale accounted 

for more of the variability in spawning site selection for Coho Salmon related to groundwater 

and gravel substrate. This result highlights the value of habitat patches and the complexity of 

habitat patches within larger spatial scales. At the larger stream scale, I found that less of the 

variability in spawning-site selection was accounted for related to groundwater and gravel 

substrate. These multi-scale studies demonstrate how a research question can drive the 

appropriate ‘scale of effect' for habitat analysis (Cooper et al. 1998).

Watersheds vary in precipitation, vegetation, run off, topography, and sediment source, 

and fish occupy different patches of critical habitat necessary to complete their life history 

(Fausch et al. 2002). I hypothesized that Coho Salmon innately identify and assess heterogeneity 

of habitat patches within streams. My results indicated that Coho Salmon were not selecting 

spawning sites based on differences among the streams. For example, Coho Salmon did not 

select sites with cobble substrates and upwelling in one stream versus silt substrates and neutral 

VHG in another stream versus gravel substrate and downwelling in a third stream. Coho Salmon 

in my study consistently selected for similar conditions of groundwater exchange and gravel 

substrate among streams and the same type of habitat conditions, suggesting that the streams 

49



themselves did not differ significantly in habitat availability. As a result the spatial configuration 

and proximity of my tributary streams within the watershed account for their hydro-geomorphic 

similarity (Rice et al. 2001; Benda et al. 2004). However, spawning occurred where fine-scale 

differences of conditions of groundwater signature and gravel substrate influenced female Coho 

Salmon habitat selection within streams (Geist and Dauble 1998; Fausch et al. 2002; Mouw et al. 

2014). The variability in the exact spawning site selected can be explained by the specific and 

relatively narrow substrate and water quality conditions matched the requirements of Coho 

Salmon spawning and incubation relative to female body size and thermal and oxygenation 

requirements of the developing embryos (LaPointe et al. 2012). Regardless of stream, Coho 

Salmon sought a combination of physical and water-quality characteristics at the finer reach 

scale with gravel substrate for redd creation and groundwater signature. Because females are 

innately driven to successfully reproduce, it can be concluded that finer-scale processes influence 

spawning site selection through reach-scale adaptation. Thus, in my study, reach-scale adaptation 

to specific site conditions appears to be the limiting factor for reproductive success (Peterson et 

al. 2014).

Local adaptive site selection behavior in Coho Salmon in my study streams was further 

supported by observations of spawning Coho Salmon aggregates within reaches. The presence of 

spawning aggregates during my study may be indicative of a competitive preference for 

spawning sites adapted to selective pressures under a range of available habitats (Stillwater 

Science 1997; Geist et al. 2000). Observed aggregates provided evidence that Coho Salmon were 

selective at the finer scale in spawning site locations. If my study had been analyzed solely at the 

stream scale or within a single stream, important relationships would likely have been missed 

without explanation of site selection. Although the relative precision of natal homing is not well
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understood (Dittman et al. 2010), inferences about natal homing of Coho Salmon are supported 

by my research that found associations uncovered at smaller scales (Geist and Dauble 1998; 

Fukushima 2001). It can be inferred that groundwater and gravel substrate associations with 

Coho Salmon spawning site selection are a result of distinct adaptive pressures more closely 

related to the reach scale, and not detected at the stream scale, and that are developed during 

natal homing. At a finer-reach scale, the presence of a groundwater signature cues fish to spawn 

and variability among habitat patches in groundwater signature may represent differences in 

optimal, sub-optimal, and non-preferential spawning habitat such that only optimal and sub- 

optimal locations will lead to successful spawning. As a result, the presence of non-randomly 

distributed aggregates of spawning salmon in my study streams reinforced the importance of 

considering hierarchical scales during ecological studies (Urban et al. 1987).

Overall, the inclusion of VHG is an important distinction because I was able to show 

through empirical habitat measurements that there was more than just gravel substrate available 

to Coho Salmon. By measuring VHG, I was also able to show differences and range of available 

conditions which can also influence site selection (Dunning et al. 1992; Wu and Loucks 1995; J. 

Mouw, Floodplain Resources Inc., personal communication). The selection for a combination of 

physical and water-quality characteristics by female Coho Salmon was clearly demonstrated by 

analyzing five streams, as opposed to just a single stream. Through empirical habitat-data 

collection within the five streams and recording spawning activity, I documented evidence of 

innate behavioral selection of spawning habitat (Taylor 1991; Morbey and Hendry 2008; 

Peterson et al. 2014; Bett and Hinch 2016). Because Coho Salmon are widely distributed across 

the state additional research should be considered to identify habitats represented by gravel and 

groundwater upwelling and downwelling interactions. By using the best predictive 
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measurements identified in this study and capturing the appropriate scale of effect, managers will 

be able to simplify in-situ data collection to assess the most important habitat-use indicators for 

Coho Salmon conservation and productivity assessments.
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Tables

Table 1.1 Watershed area, stream order, Rosgen stream classification, bankfull depth, bankfull 
width, % channel slope, and number of reaches sampled for each Coho Salmon study stream in 
the Susitna River drainage, Alaska (Rosgen 1996). BFD = bankfull depth, BFW = bankfull 
width.

Stream

Watershed 
Area 
(km2)

Strahler 
Stream 
Order

Rosgen
Stream 

Classification

BFD
M (SE)

(m)
BFW

M (SE)
% Slope 
M (SE)

Reaches
Sampled

(n)

Answer < 79.9 1st E 0.53 5.75 1.75 4
Creek (0.02) (0.23) (0.25)

Question 14.2 1st C 0.51 6.97 1.99 1
Creek (0.03) (0.31) (0.00)

Birch 81.8 1st C 0.69 20.71 0.07 5
Creek (0.03) (0.68) (0.02)

Rabideaux 113.3 2nd E 0.91 10.14 0.12 10
Creek (0.01) (0.22) (0.03)

Sawmill 16.1 1st C 0.75 6.40 0.57 2
Creek (0.03) (0.26) (0.15)
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Table 1.2 Groundwater flux (mean), dominant direction of groundwater signature, and Coho 
Salmon spawning activity (presence of a redd, aggregates of spawning Coho Salmon, or paired 
Coho Salmon) by study stream and reach (150 m) for Susitna River tributaries, Alaska. Bold text 
represents stream totals.

Stream/reach
Groundwater flux

(m)

Dominant 
groundwater 

signature Spawning activity
Answer Stream -1.62 Negative 109

Reach 3 -0.60 Negative 12

Reach 5 -0.10 Negative 26

Reach 9 -5.92 Negative 29

Reach 11 0.16 Positive 42

Question Creek -0.38 Negative 325

Reach 1 -0.38 Negative 325

Sawmill Creek -0.39 Negative 31

Reach 1 -0.06 Negative 22

Reach 6 -0.72 Negative 9

Rabideaux Creek -0.08 Negative 271

Reach 2 -0.82 Negative 22

Reach 7 -0.01 Negative 17

Reach 12 -0.02 Negative 7

Reach 17 -0.07 Negative 22

Reach 22 -0.13 Negative 137

Reach 27 0.27 Positive 4

Reach 37 -0.06 Negative 3

Reach 42 -0.13 Negative 19

Reach 47 0.03 Positive 21

Reach 52 0.15 Positive 19

Birch Creek -0.11 Negative 598

Reach 13 -0.61 Negative 460

Reach 18 0.21 Positive 26

Reach 23 -0.19 Negative 20

Reach 28 0.05 Positive 11
Reach 33 0.01 Positive 71
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Table 1.3 Minimum, maximum, mean, and standard deviation of Coho Salmon spawning activity 
(presence of a redd, aggregates of spawning Coho Salmon, or paired Coho Salmon) by study 
stream for the Susitna River, Alaska. SD = standard deviation.

Stream

Spawning activity

Minimum Maximum Mean SD

Answer Creek 0 110 1.8 3.4

Question Creek 0 325 21.7 36.1

Birch Creek 0 598 8.0 26.0

Rabideaux Creek 0 271 1.8 7.0

Sawmill Creek 0 31 1.0 1.5
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Table 1.4 Model-averaged results of negative binomial random effects candidate models for 
Coho Salmon spawning habitat in the Susitna River, Alaska. Abbreviations are as follows: LL = 
the log-likelihood; Delta_AICc = the difference in the corrected Akaike information criterion 
(AICc) value for a particular model compared with the top-ranked model; and K = the number of 
parameters, including the intercept and residual variance. AICcWt = model weight. Covariate 
parameters are abbreviated as: GWF = groundwater flux, GWP = presence or absence of 
groundwater, SLT = silt, GVL = gravel, BFD = bankfull depth, COB = cobble, DIM = BFD + 
BFW (average bankfull depth and bankfull width). The global model included all covariates.

Model K AICc Delta AICc AICcWt Cum.Wt LL
GWP+GVL 6 1186.00 0.00 0.24 1.00 -586.87
GWP+COB 6 1186.24 0.24 0.22 0.76 -586.99
GWF+GWP 6 1186.87 0.86 0.16 0.54 -587.31
GWP+SLT 6 1186.97 0.96 0.15 0.39 -587.36
GWP+SND 6 1187.38 1.37 0.12 0.24 -587.56
GWF+GVL 6 1188.76 2.75 0.06 0.11 -588.25
GWF+COB 6 1190.40 4.39 0.03 0.05 -589.07
DIM+GVL 7 1190.70 4.69 0.02 0.03 -588.18
GLOBAL 12 1195.76 9.75 0.00 0.00 -585.39
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Table 1.5 Model-averaged results of negative binomial random effects predictors with 
confidence intervals for Coho Salmon spawning habitat in the Susitna River, Alaska. Spawning 
activity varied among treatments. The top ranked negative binomial model included treatment as 
both a fixed effect and a random effect of treatment for reaches nested within streams (Table 
1.6). Confidence interval estimates derived from the confidence set of models with ACIcWt ≥ 
0.05. Covariate parameters are abbreviated as: GVL = gravel, GWP = groundwater presence, 
COB = cobble, GWF = groundwater flux, SLT = silt, SND = sand, BFW = bankfull width, BFD 
= bankfull depth.

Confidence Interval 5 % 95 %
(Intercept) 0.01051235 1.19358029
GVL -0.06089975 0.52855109
GWP 0.04794473 0.61192622
COB -0.45514014 0.08062644
GWF -0.11631525 0.05416326
SLT -0.40269345 0.14735207
SND -0.30790583 0.18563583
BFW -0.40640867 0.46298274
BFD -0.24239490 0.50985359
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Table 1.6 Parameter estimates for top-model generalized linear negative binomial mixed-effects 
based on AIC estimates predicting Coho Salmon spawning activity in study streams for the 
Susitna River, Alaska. SD = standard deviation.

Random effects Name Variance SD

Groups

reach (Intercept) 1.34 1.16

stream (Intercept) 0.04 0.19
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Table 1.7 Model-averaged results of binomial random effects Coho Salmon spawning habitat 
candidate models for the Susitna River, Alaska. Abbreviations are as follows: LL = the log
likelihood; Delta_AICc = the difference in the corrected Akaike information criterion (AICc) 
value for a particular model compared with the top-ranked model; and K = the number of 
parameters, including the intercept and residual variance. AICcWt = model weight. Covariate 
parameters are abbreviated as: GWF = groundwater flux, GWP = presence or absence of 
groundwater, SLT = silt, GRV = gravel, BFD = bankfull depth, COB = cobble. The global model 
included all covariates.
Model K AICc Delta AICc AICcWt Cum.Wt LL
GWP+COB 5 436.72 0.00 0.27 1.00 -213.27
GWP+GRV 5 438.12 1.41 0.13 0.73 -213.97
GWF+COB 5 438.27 1.55 0.12 0.60 -214.04
GWF+GWP+COB 6 438.50 1.78 0.11 0.48 -213.12
GWF+GRV 5 439.31 2.59 0.07 0.37 -214.56
GRV+BFD 5 439.54 2.82 0.07 0.30 -214.67
GWF+GWP+GRV 6 439.60 2.88 0.06 0.23 -213.67
GWP+SLT 5 439.67 2.95 0.06 0.17 -214.74
GWP 5 439.85 3.13 0.06 0.11 -214.83
GWF 4 439.96 3.24 0.05 0.05 -215.92
GLOBAL 11 446.04 9.33 0.00 0.00 211.61
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Table 1.8 Model-averaged results of binomial random effects predictors with confidence 
intervals for Coho Salmon spawning habitat in the Susitna River, Alaska. Spawning activity 
varied among treatments of reach and stream. The top ranked binomial model included treatment 
as both a fixed effect and a random effect of treatment for reaches nested within streams (Table 
1.9). Confidence interval estimates derived from the confidence set of models with AICcWt ≥ 
0.05. Covariate parameters are abbreviated as: GWP = groundwater presence, COB = cobble, 
GRV = gravel, GWF = groundwater flux, BFD = bankfull depth, SLT = silt.
Confidence Interval 5 % 95 %

(Intercept) -0.89874610 0.59452676

GWP -0.05439886 0.45344389

COB -0.56442616 -0.03799455

GRV -0.01249066 0.45165628

GWF -0.09213319 0.04985746

BFD -0.42455625 0.37244769

SLT -0.35815915 0.11208695
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Table 1.9 Parameter estimates for top-model generalized linear binomial mixed-effects based on 
AIC estimates predicting Coho Salmon spawning activity in the Susitna River, Alaska. SD = 
standard deviation.
Random effects Name Variance SD

Groups

reach (Intercept) 0.27 0.52

stream (Intercept) 0.63 0.79
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Figures

Figure 1.1 Map of Coho Salmon study stream and reach locations in the Susitna River drainage 
near Talkeetna, Alaska. Inset shows the location of the study area in Alaska.
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Figure 1.2 Demonstrations of substrate classification for Coho Salmon spawning habitat in study 
streams using a JMX Nuova rade underwater bathyscope, Sawmill Creek, Susitna River, Alaska, 
2013.
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Figure 1.3 Piezometer installation for Coho Salmon spawning habitat assessments, Sawmill 
Creek, Susitna River, Alaska, 2013.
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Figure 1.4 Box plots of bankfull width (m) by study stream for Coho Salmon spawning in the 
Susitna River, Alaska. Box-and-whisker plots show the median (middle line), first quartile 
(bottom of the box), third quartile (top of the box), and minimum and maximum values 
(whiskers). Asterisks denoted outliers.
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in
gure 1.5 Box plots for bankfull depth (m) by study stream for Coho Salmon spawning habitat 
the Susitna River, Alaska. Box-and-whisker plots show the median (middle line), first quartile 

(bottom of the box), third quartile (top of the box), and minimum and maximum values 
(whiskers). Asterisks denoted outliers.
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Figure 1.6 Mean proportion of substrate types by study stream for Coho Salmon spawning 
habitat in the Susitna River, Alaska.
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Figure 1.7 Spawning activity by study stream for Coho Salmon spawning habitat in the Susitna 
River, Alaska, showing the relationship between spawning activity and groundwater signature 
(upwelling or downwelling). Spawning activity was defined as observed, aggregate, spawning 
pair, or redd. The number of sampled transects are indicated below each stream.
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Figure 1.8 Spawning activity per study stream for Coho Salmon spawning habitat versus mean 
groundwater flux in the Susitna River, Alaska.
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Figure 1.9 Spawning activity per study reach for Coho Salmon spawning habitat versus the mean 
groundwater flux in the Susitna River, Alaska
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Figure 1.10 Spawning activity per transect for Coho Salmon spawning habitat versus 
groundwater flux in the Susitna River, Alaska. This graph only includes transects where Coho 
Salmon spawning was observed.
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Figure 1.11 Mean groundwater flux by study stream reach for Coho Salmon spawning habitat in the Susitna River, Alaska. Error bars 
are standard deviation, and error bars for Answer Creek Reach 9 extend to -11 and are not shown on this graph.



Figure 1.12 Mean groundwater flux for Coho Salmon spawning habitat by study stream in the 
Susitna River, Alaska. Error bars are standard error.
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General Conclusions

Tributary habitats are important to spawning Coho Salmon Oncorhynchus kisutch and to 

the overall production of fishes in the Susitna River. I had the opportunity to study Coho Salmon 

spawning behavior in five streams, and generated valuable results. Within these tributaries, 

conditions vary, but must fall within the relatively narrow range of suitable conditions to sustain 

locally adapted reproductive strategies. For Coho Salmon in these tributaries, suitable conditions 

equate to the availability of groundwater upwelling and downwelling combined with gravel 

substrate to support life-history strategies of late-season spawning and rapid egg development. 

Because my research identified vertical hydraulic gradient (VHG) as a major driver of site 

selection, finer-scale characteristics of natal stream groundwater chemistry should be 

investigated in more detail. Information related to the importance of groundwater to Pacific 

salmon life history remains a data gap in Alaska.

Coho Salmon in my study selected consistent site characteristics to spawn among the five 

study streams clearly demonstrating habitat-use patterns. Because I looked at five separate 

streams, each similarly positioned within the Susitna River basin network with minimal potential 

differences in hydro-geomorphic influences, my results are stronger and I was able to include 

stream-scale analyses. My analyses supported the conclusion that the streams themselves do not 

differ in what they offer in available habitat characteristics and that within-stream reach variation 

was the best predictor of spawning-site selection. Studying five proximal streams within the 

Susitna River drainage rather than just one stream also strengthened conclusions drawn at the 

reach scale. These results fortified concepts of local adaption of spawning site selection by 

Susitna River Coho Salmon (Taylor 1991; Morbey and Hendry 2008; Peterson et al. 2014; Bett 

and Hinch 2016).
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Management implications that can be drawn from this study include the understanding 

that while Coho Salmon have a wide range of preferred spawning habitats, they are innately 

driven through local adaption to return to their natal stream habitats and key on finer-scale 

characteristics (Dittman and Quinn 1996). This supports my conclusion that Coho Salmon 

spawning-site selection is non-random within streams. Matching empirical spawning location 

data with measured stream-habitat characteristics provided important insights into Coho Salmon 

spawning behavior (Fausch et al. 2002). Some studies suggest that downwelling is one of the 

selected variables. My results indicated that Coho Salmon are selecting for groundwater 

signatures and, in the Susitna River study streams, it was predominately downwelling. This 

finding suggests that future studies related to the management of Coho Salmon should measure 

both groundwater upwelling and downwelling (Schalichli 1993). Including these considerations 

is relevant for Coho Salmon in the face of climate change and, in particular, for proposals to alter 

natural groundwater pathways and sediment transport within streams and rivers, such as mining 

and hydro-power dams. Considering groundwater as an influential variable in spawning habitat 

selection contributed value to my study results and added to the growing body of evidence about 

the importance of groundwater-surface water interactions to Alaska Pacific salmon populations. 

Managers should consider including specific recommendations to protect areas of groundwater 

exchange in spawning tributaries to avoid impacts to spawning activities of Pacific salmon 

populations, including Coho Salmon.

My study added to important findings from other available datasets contributing to the 

increased understanding of Coho Salmon habitat-site selection for spawning. Additional research 

on Coho Salmon spawning requirements within the Susitna River drainage is needed to better 

understand finer details of important habitat parameters for populations, as well as to provide 
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context for differences within the drainage and among drainages that support Coho Salmon in 

Alaska. I recommend additional multi-scale investigation and refinement of habitat modeling 

efforts to account for physical, chemical, and biological parameters relevant to Coho Salmon 

throughout Alaska's geography. Including flow velocity and groundwater temperature 

measurements (using temperature data loggers) as stream habitat inputs should be important for 

future model comparisons. Increased accuracy and precision with developing technologies will 

also improve results and our ability to make inferences about where populations might be 

restored or may naturally expand. Genetic applications, such as environmental DNA, are useful 

for documenting species presence in potential spawning habitats if empirical observations are not 

available (Laramie and Strobel 2021; Levi et al. 2018; Wood et al. 2018). Refinement of 

hydraulic and tracer-based methods to measure groundwater-surface water interactions are also 

becoming available (Benischke 2021). Developing tools to incorporate the influence of 

groundwater and surface water exchange at regional and local scales are particularly important 

and relevant for salmonid habitat assessment and measurement. Juvenile Coho Salmon rearing 

studies coupled with spawning reach data would provide insights into habitat complementation 

and non-substitutable resources of the species (Dunning et al. 1992) required for persistence of 

local populations. Finally, it is important that research related to quantifying the long-term 

potential of Coho Salmon tributary spawning habitats be conducted over longer temporal time 

scales (e.g., a decade or more). Longer-term studies are needed to better understand how 

tributary habitats contribute to the larger habitat portfolio and to reduce the under valuing of 

important habitats that are at risk from anthropogenic effects (Davis and Schindler 2021).
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Appendices

Appendix A1. Answer Creek study reach and GPS spawning activity locations for Coho 

Salmon in the Susitna River, Alaska, 2013-2014.
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Appendix A2 Birch Creek study reach and GPS spawning activity locations for Coho Salmon in 

the Susitna River, Alaska, 2013.
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Appendix A3 Question Creek study reach and GPS spawning activity locations for Coho 

Salmon in the Susitna River, Alaska, 2013.
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Appendix A4 Rabideaux Creek study reach and GPS spawning activity locations for Coho 

Salmon in the Susitna River, Alaska, 2013.
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Appendix A5 Sawmill Creek study reach and GPS spawning activity locations for Coho 

Salmon in the Susitna River, Alaska, 2013.
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Appendix B1 Answer Creek groundwater flux by reach for Coho Salmon in the Susitna River, 
Alaska, 2013-2014.
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Appendix B2 Question Creek groundwater flux by reach for Coho Salmon in the Susitna River, 
Alaska, 2013.
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Appendix B3 Rabideaux Creek groundwater flux for Coho Salmon in the Susitna River, Alaska, 
2013.
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Appendix B4 Birch Creek groundwater flux for Coho Salmon in the Susitna River, Alaska, 

2013.
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Appendix B5 Sawmill Creek groundwater flux for Coho Salmon in the Susitna River, Alaska, 

2013.
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