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Abs trac  t

At northern extremes, fish habitat requirements are often linked to thermal 

preferences and the presence of overwintering habitat. The goal of this study was to 

identify spawning habitat for fall chum salmon Oncorhynchus keta and model habitat 

selection from spatial distributions of tagged individuals in the mainstem Tanana River, 

Alaska. I hypothesized that the presence of groundwater, which provides thermal refugia 

for overwinter incubation, would be most important for fall chum salmon. Models 

included braiding, sinuosity, open water surface area (indicating significant groundwater 

influence), and open water persistence (consistent presence of open water for a 12 year 

period according to satellite imagery). Candidate models containing open water 

persistence were selected as most likely. Persistent open water areas were further 

examined using forward-looking infrared (FLIR) imagery; marked differences between 

sites were observed in the extent of thermal influence by groundwater. Persistent open 

water sites with strong groundwater influence appear to serve as core areas for spawning 

salmon; the importance of stability through time suggests the legacy of successful 

reproductive effort in these areas for this homing species. This study indicates that not 

only the presence of groundwater is important for spawning chum, but its persistence and 

extent of groundwater influence.
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Chap t  e r 1: G e ne ral I n t r o d u  ct ion 

In t ro d u  ct ion

Quantification of salmon spawning habitat in large glacial rivers is a challenging 

prospect because they are extremely dynamic, creating a complex mosaic of habitat 

types. One must understand the direct relationship between habitat features and the 

fitness of individual animals to identify the fundamental requirements of fish species. 

Focusing on the most likely limiting factor for population size, such as spawning or 

rearing habitat, can be most illustrative for conservation and management purposes. 

Traditional methods of mapping and quantifying riverine habitats are typically limited to 

a small spatial extent (e.g., foot-based surveys conducted on reach scales), and often fail 

to capture important and multi-scale ecological and physical processes that contribute to 

salmon productivity (Geist and Dauble 1998; Baxter and Hauer 2000; Fausch et al.

2002). Further, these methods are poorly designed for characterizing remote glacial 

rivers in a repeatable, consistent manner (Poole et al. 1997; Leckie et a l 2005), which 

has resulted in gaps in knowledge.

At intermediate spatial and temporal scales, there is a general lack of knowledge 

of fisheries biology, which is a direct result from the inconsistent manner habitat is 

traditionally studied. This hinders management and a full understanding of the mosaic of 

habitat conditions required by fish species, particularly highly mobile fishes that spend 

distinct portions of their life history in different biomes (Fausch et al. 2002). Much of the 

research that has been conducted previously has been at small spatial scales, excluding 

geomorphological controls at intermediate spatial and temporal extents. Conversely, a
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functional and effective understanding of limitations to a species distribution and 

abundance relative to habitat factors may require a multi-scale and continuous approach 

(Baxter and Hauer 2000). By integrating traditional habitat data collection methods with 

the use of remote sensing technologies, it is possible to characterize fish habitat at 

intermediate spatial scales (e.g., river segments) and temporal scales (e.g., years to 

decades), most relevant for fish species (Fausch et al. 2002; Torgersen et al. 2006).

Harsh environmental conditions at the northern extent of their range provide an 

opportunity to identify critical habitat requirements for Pacific salmon. In arctic and sub

arctic environments, this fundamental requirement could be as simple as liquid water. It 

is hypothesized that salmon seek areas of upwelling groundwater in northern rivers 

because it provides warmer temperatures for incubating eggs in winter (Geist et al. 2002; 

Quinn 2005). Generally, incubation time of eggs is extended by low temperatures and 

increases the number of temperature units or degree days required for hatching and 

development (Salo 1991). Upwelling or hyporheic areas may allow for a shorter 

temporal incubation and emergence time for salmon at the northern extent of their range. 

Previously, upwelling groundwater identification has been conducted in a spatially and 

temporally discontinuous manner (Fausch et al. 2002). By using a multi-scale approach 

with the aid of remote sensing, it is possible to identify upwelling on larger spatial and 

temporal scales, more relevant for understanding habitat selection and population 

distributions.



Stu dy  A r  ea and Spec ies

The Tanana River is the largest tributary of the Yukon River, flowing 700 km 

northwest through a broad alluvial valley, draining an area of 155,250 km . Large runs of 

fall chum salmon returning to the Tanana River support important subsistence, personal use, 

and commercial fisheries. Heavily silted and extremely braided, the Tanana River poses 

serious challenges for monitoring and identifying spawning fish and spawning areas. Prior 

to this study, only the Toklat and Delta rivers have been regularly monitored by aerial 

surveys in the Tanana River drainage after the subsidence of glacial waters, with average 

escapements of 31,000 and 14,000 fish, respectively (Bue et al. 2004). During summer 

months, the Tanana River is at peak flow and contains large loads of glacial silt. In 

October, water levels drop and the silt load decreases due to colder temperatures and 

reduced glacial run-off. This coincides with peak fall chum salmon Oncorhynchus keta 
spawning. The study area for this project is the mainstem Tanana River, lying between 

Fairbanks, Alaska, and Big Delta, Alaska (Figure 1.1).

Chum salmon have the most extensive natural distribution of all Pacific salmon 

(Seeb and Crane 1999). In North America, chum salmon range from Monterey, 

California, to the Arctic coast and east to the Mackenzie River. They have historically 

constituted up to 50% of the annual biomass of the seven species of Pacific salmon in the 

North Pacific Ocean (Salo 1991). The Tanana River receives two genetically distinct 

chum salmon runs each year, summer and fall. Summer runs are classified as entering 

the Yukon River in early May with slight overlap with the fall run that begins in mid- 

July. Fall chum salmon mature and return to the fresh-water environment between ages 3
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and 6 years; with fry emerging and migrating to the ocean during the spring following 

spawning (Quinn 2005). Female chum salmon select the nest site by searching for 

specific hydrological and geophysical features, such as water odor, depth and velocity, 

gravel composition, and the presence of cover, and have shown preference to spawn 

immediately above turbulent areas or where there is upwelling (Salo 1991; Quinn 2005). 

An understanding of why particular areas are productive spawning habitats and an ability 

to transfer that knowledge to other systems is critical for evaluating relationships between 

species and their environments.

In recent years, fall chum salmon runs returning to the Yukon River, and 

subsequently the Tanana River, have been in decline (Borba et al. 2009). To date, little 

recognition and scant protection has been given to the upper Tanana fall chum salmon 

population, while potential impacts on them have been increasing. Communities along 

the upper mainstem Tanana include Fairbanks North Star Borough (FNSB), Delta/Fort 

Greely, and Nenana, where human populations are increasing with associated 

urbanization, particularly FNSB. Additionally, increased developmental pressures within 

the project area are more significant than elsewhere within the Alaskan portion of the 

Yukon River drainage. These activities include, but are not limited to, development of 

agriculture, timber, mineral, and petroleum resources along the mainstem Tanana River. 

Exploration and development often include an access component by either seasonal or 

all-season roads or rail, some of which require bridges, gravel and rock material sites, and 

engineered beds to minimize impacts on sub-surface and surface flows. These inevitable 

development pressures have the potential to profoundly impact mainstem spawners.

4



Th  esis Ob j  ectives

This thesis focuses on using a multi-scale approach to study spawning habitat 

selection by integrating remote sensing technologies (e.g., multiple satellite platforms and 

forward-looking infrared [FLIR]) with traditional habitat methods to identify and model 

habitat characteristics important to fall chum salmon spawning, which is organized into 

two primary chapters. These chapters are written as stand-alone manuscripts for eventual 

publication in the peer-reviewed literature. In Chapter Two, I examine the potential of 

using synthetic aperture radar (SAR) imagery to map open water areas in the mainstem 

Tanana River to assess temporal trends over a decade. This chapter focuses on 

determining the feasibility and utility of extracting open water areas from satellite 

imagery and assessing size and temporal trends in their occurrence and spatial extent. In 

Chapter Three, I show the utility of integrating remote sensing technologies with 

traditional habitat data collection methods by using a multi-scale approach to salmon 

habitat selection. This chapter focuses on using satellite and FLIR imagery to identify 

variables and thermal characteristics important for fall chum salmon spawning. By using 

this approach, I was able to relate large-scale processes that form the in-stream 

environment to habitat selection shown by the habitat model.

Methodological Approach

The goal of this study was to identify spawning habitat for fall chum salmon and 

model habitat selection from spatial distributions of tagged individuals in the mainstem 

Tanana River. The first objective was to characterize habitat along an extensive reach of 

the Tanana River, with particular note of areas of open water during winter, which

5



indicated the presence of groundwater. To relate those habitat features to the distribution 

of spawning females in the system determined through telemetry studies, I first 

determined if spawning fall chum salmon females were disproportionately selecting ice- 

free areas, which indicate the presence of groundwater. I hypothesized occurrence of 

tagged fish found spawning in open water would be higher than the physical proportion 

of open water versus non-open water in the Tanana River. The physical proportions of 

open water was calculated from advanced land observation satellite (ALOS), advanced 

visible and near-infrared radiometer type 2 (AVNIR-2) images obtained post-river freeze- 

up. Non-open water was calculated from SAR images obtained in late fall, prior to river 

freeze-up. I then used regression techniques to create a model of habitat use based on 

spatial distributions of tagged individuals and remotely sensed data. I used negative 

binomial regression with total number of spawning salmon, calculated from telemetry 

data, as the dependent variable. Independent variables were calculated from satellite 

imagery and include: braiding index, sinuosity, open water surface area, and open water 

persistence. I used the information-theoretic approach for model selection.

The second objective was to identify differences in habitat conditions between 

areas of upwelling and non-upwelling water, with an emphasis on water temperatures.

The comparison was attempted by deploying surface water temperature loggers in 

upwelling and non-upwelling water areas. Due to the dynamic nature of the mainstem 

Tanana River, loggers within non-open water areas could not be retrieved due to thick ice 

cover and deep water. Therefore, the temperature analysis was restricted to open water

6
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habitats only. Subsequently, FLIR images were taken of persistent open water areas to 

identify thermal characteristics with a larger spatial extent.
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Figure 1.1. The mainstem Tanana River between Fairbanks and Big Delta, Alaska.
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Chapter 2: Utility of Synthetic Aperture Radar (SAR) imagery for identification of 

persistent ice-free zones during winter in a large, glacial river1

Abs trac  t

Glacial rivers within large, dynamic floodplains provide a complex and variable 

aquatic habitat template. However, this complexity and variability poses major challenges 

for mapping and quantifying habitat for fish populations. This study assesses the utility 

of synthetic aperture radar (SAR) imagery to map and monitor open water areas in the 

Tanana River in interior Alaska over a decade. Preliminary evidence from an ongoing, 

separate study suggests that these open water areas are essential habitat for fall-spawning 

chum salmon Oncorhynchus keta. The analysis of SAR imagery identified persistent 

open water areas through the 11-year study period. The methods presented provide a 

simple, low cost approach for the study of habitat features believed to be important for 

late-spawning (fall) chum salmon in cold regions. It also demonstrates, for the first time, 

the tremendous potential of using SAR imagery as a reconnaissance tool for logistically 

challenging and expensive freshwater field-based habitat studies. I conclude that SAR- 

based surveys, as a first step prior to targeted in-stream field work, reduce the cost and 

logistical challenges associated with field studies during the winter in arctic 

environments. These surveys provide invaluable quantitative data for potential winter 

fish habitat and highlight features and phenomena at spatial and temporal scales 

impractical to characterize using traditional survey methods. Further, this approach

1 South, L., A. Prakash, and A. Rosenberger. 2010. Utility of Synthetic Aperture Radar 
(SAR) imagery for identification of persistent ice-free zones during winter in a large, 
glacial river. In preparation for Transactions of the American Fisheries Society.



allows us to retrospectively determine baseline levels of variability in the availability of 

ice-free winter habitats.

I n t ro d u  ct ion

The large, glacial rivers that characterize the Alaskan interior are extraordinarily 

dynamic; glacial flow regimes, combined with heavy sedimentation, create a complex 

habitat template for the variety of fish species that use these systems. The remoteness 

and size of interior rivers present difficulties for characterizing the availability, dynamics, 

and use of critical habitats. Traditional methods of mapping and quantifying riverine 

habitats are typically limited to a small spatial and temporal extent (e.g., foot-based 

surveys conducted on reach scales with a single site visit), and fail to capture important 

multi-scale ecological and physical processes that contribute to fish productivity (Geist 

and Dauble 1998; Baxter and Hauer 2000; Fausch et al. 2002). Further, these methods 

are poorly designed for characterizing remote glacial rivers in a repeatable, consistent 

manner (Poole et al. 1997; Leckie et al. 2005). However, by integrating traditional 

methods of habitat data collection with the use of remote sensing technologies, it is 

possible to characterize fish habitat at intermediate spatial and temporal grains (e.g., river 

segments, years to decades), scales which are most relevant for fish populations (Fausch 

et al. 2002; Torgersen et al. 2006). Using data acquired from a satellite offers the 

opportunity for assessment of inaccessible or logistically challenging systems like large, 

remote, glacially-fed rivers.

The study area for this project is the mainstem Tanana River between Fairbanks and 

Big Delta, Alaska, approximately 160 river kilometers (rkm) in length (Figure 2.1). The
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largest tributary of the Yukon River, the Tanana River flows 700 km northwest through a 

broad alluvial valley draining an area of 155,250 km . Large runs of fall chum salmon 

Oncorhynchus keta return to the Tanana River and support important subsistence, personal 

use, and commercial fisheries. These fisheries are currently facing a variety of human 

impacts, including harvest and habitat alteration. This is combined with increasing 

industrial and urban development along the mainstem Tanana River, particularly near the 

cities of Fairbanks and North Pole, Alaska. During winter, multiple ice bridges are 

constructed across the river to aid in local transportation of goods and people. The impacts 

of further urban development and human transportation may be exacerbated by future 

construction of a natural gas pipeline proposed to parallel the mainstem Tanana River 

(www. thealaskapipelineproject.com).

In winter, ice-free areas (i.e., open water) in the Tanana River are thought to be a 

result of upwelling water or hyporheic exchange that prevent surface freezing, even when 

ambient temperatures reach -50° C (Figure 2.2). Ice-free zones within an Arctic riverine 

ecosystem may be due to geologic boundaries far beneath the river bed causing a positive 

hydraulic gradient (Burril 2010), features that can have a strong influence on riverine 

landscapes (Wiens 2002). Preliminary observations by the Alaska Department of Fish 

and Game suggested that spawning salmon seek ice-free areas of upwelling in the Tanana 

River (Barton 1992). This may be because they provide warmer temperatures for winter 

incubation and protection from freezing (Reynolds 1997; Fausch et al. 2002; Quinn

2005). Tanana River fall chum salmon spawn in late October and early November, and 

thereby have limited available degree days for incubation (Salo 1991). Warm, upwelling

12



water would shorten this incubation time, allowing for successful fall spawning. The 

potential importance of upwelling means identifying open water areas is an important 

step for chum salmon management and research on the Tanana River. However, 

assessing the location and persistence of these areas through time is a particular challenge 

for this remote and large system. Foot surveys are logistically challenging and 

potentially dangerous, while helicopter surveys are expensive ($650 per hour pilot time at 

the time of this study); therefore, the use of remote sensing technology may be the most 

feasible and cost-effective approach for identifying and assessing this habitat feature 

through time.

Advancements in technology have led to more studies assessing in-river habitat in 

large systems using remote sensing. For example, sub-meter resolution optical imagery 

has allowed for remote detection of in-stream habitat features (e.g., wood debris and log 

jams) important for juvenile salmon (Carbonneau et al. 2005; Carbonneau and Bergeron 

2005; Carbonneau et al. 2006; Smikrud and Prakash 2006; Marcus and Fonstad 2008; 

Smikrud et al. 2008). Unfortunately, use of optical images is limited by cloud cover in 

parts of the Arctic. Alternatively, synthetic aperture radar (SAR) images have all weather 

capability and are effective for monitoring river ice on the Athabasca River, Canada 

(Unterschultz et al. 2009) and for measuring the growth of aufeis in the Brooks Range, 

Alaska (Yoshikawa et al. 2007). Synthetic aperture radar imagery provides the additional 

advantage of an intermediate-scale spatial resolution (i.e., large reach to segment scales 

[Frissell et al. 1986]).
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Although the physical process of upwelling and biological process of fish 

incubation is thus far unobservable using remote sensing techniques, areas of open water 

can be identified using available technology. Further, this phenomenon can be observed 

and monitored through time at intermediate spatial and temporal scales. The goal of this 

study was to evaluate the potential for SAR imagery to monitor the presence and 

persistence of open water areas that are potential spawning habitat for fall-spawning 

chum salmon in the Tanana River, Alaska. Our first objective was to determine the best 

method for identifying and extracting areas of open water with SAR images. Our second 

objective was to determine the feasibility of monitoring the spatial persistence of open 

water using this technology by comparing images over a decade. This would illustrate 

consistently available spawning grounds for fall chum salmon. We complete our 

evaluation of this method by discussing how this approach can be used on its own to 

characterize open water areas or, alternatively, serve to inventory areas that can then be 

characterized in greater detail using foot-based methods or higher resolution optical 

imagery.

Methods

Image Data

RADARSAT-1 images acquired by the Alaska Satellite Facility (ASF) were used 

for this study. Synthetic aperture radar satellites, like RADRSAT-1, image by 

transmitting electromagnetic (EM) signals towards the Earth’s surface and then receiving 

the portion of EM signal that is backscattered towards the satellite. The signal 

corresponds to the microwave portion of the EM spectrum and has the capability to
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penetrate cloud cover, allowing for data collection regardless of weather (Cumming and 

Wong 2005). The images were collected from the C band with a 5.7 cm wavelength and 

were taken from the fine beam and standard beam mode. Fine beam has a spatial 

resolution of 6.25 m; while the standard beam has a spatial resolution of 12.5 m. Fine 

beam images were ideal for this study due to their higher spatial resolution, but did not 

give continuous coverage of the study area, resulting in the use of standard beam images 

for the southern reaches. Fine beam data were collected in March 1996, February 2005, 

and March 2008. Standard beam images from 1997, 2005 and 2008 were initially 

examined in conjunction with the fine beam images to create complete coverage for the 

study area. A preliminary analysis of open water areas for these three years identified 

those that appeared to be spatially persistent. To further confirm their persistence 

through time, five additional years of imagery was analyzed (standard beam images for 

March 1997, 2000-2003, 2005, 2006, and 2008). Yearly observations during the time 

frame were not available, and these years were selected because they contained the most 

complete coverage of the study area during the month of March (Table 2.1).

Interpretation of SAR images is not immediately intuitive due to the side-looking 

SAR geometry and the complex interaction of the SAR signal with the target. The intensity 

of a SAR pixel represents the amount of signal backscattered from the target area.

Among several factors that control the backscatter, two important factors are the amount of 

moisture (that, in turn, controls the dielectric property) and surface texture of the target 

(Pietroniro et al. 2005). Dielectric properties for liquid water are different from snow and 

ice, which can vary greatly depending on the amount of liquid water contained in the snow
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or ice particles (Fung and Ulaby 1983; Simonett and Davis 1983). The presence of water 

enhances contrast in the radar signal because water acts as a specular reflector with a low 

backscatter signal if there is a smooth water surface (Pietroniro et al. 2005). In this study, 

the presence of open (liquid) water within a mostly frozen river body was the target. Open 

water areas were liquid water surrounded by snow and ice, with the appearance of a dark 

area surrounded by a bright signal on the image. The effect of surface roughness of the open 

water areas in the radar return was negligible for this study. Further, base-flow conditions 

within the river corresponded with a smooth surface (relative to the SAR wavelength) that 

served as a specular reflector, sending the incoming SAR signal away from the satellite, also 

resulting in a dark signature on the image.

Data Analysis

Several pre-processing steps were necessary to convert the images from their 

original data format to a geocoded product amenable to processing and interpretation.

The level 1 data acquired from ASF was processed in Mapready (ASF 2009) to convert it 

from CEOS format to a GeoTIFF format. This pre-processing step allowed for multi

temporal images to be stacked together in a GIS for analysis.

The first post-processing step necessary was to extract areas of open water in the 

Tanana River from the SAR imagery. Two methods commonly used for feature 

extraction in ERDAS Imagine software are unsupervised and supervised classifications 

(Leica Geosystems 2008). Attempts were made to create an unsupervised and supervised 

classification, which gave no useful information due to the high level of speckle noise in 

the SAR images. Automated extraction of these open water areas using the feature
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analyst tool in ArcGIS (ESRI 2007) also gave unsatisfactory results due to overlapping 

signatures between open water areas and some surrounding areas. Therefore, each open 

water area was hand digitized using ArcGIS for all years for which SAR images were 

available. Once digitizing was complete, layers for the different years were stacked and 

analyzed for assessing persistence in the occurrence and extent of these areas from year 

to year.

Accuracy Assessment

Accuracy assessment of open water locations was addressed by comparing 

ground-control points acquired from an aerial survey on April 18, 2008 to mapped open 

water from March 2008 SAR images. The study area was surveyed by helicopter in close 

proximity to open water locations (Figure 2.3). Ground-control points were collected for 

open water locations with a GPS and locations were differentially corrected. Creation of 

an error matrix to calculate overall, user’s, and producer’s accuracy was not possible 

because ground-validated points were only collected for 28 open water areas (Table 2.2). 

Ground-validated points for non-open water areas were necessary to produce the error 

matrix, but were not collected.

R esults/ Discussion

Synthetic aperture radar image analysis proved useful for identifying the presence 

of open water areas. Although feature extraction and interpretation of SAR images can 

be challenging when the images are highly speckled and the target feature has a signal 

that is similar in parts to that of surrounding areas (Figure 2.4), these difficulties were 

minimized for this study due to the nature of the substance (liquid water) in question.
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Therefore, I believe this is a useful approach for initial inventory of open water areas for 

further surveys. Synthetic aperture radar imagery also proved useful for the study of the 

extent and persistence of the open water areas through time. The most common spatial 

pattern identified from the stacked layering of the digitized open water areas over the 

decadal scale is one that changes with a shifting channel and braiding pattern. This was 

expected due to the dynamic nature of a glacially-fed river with a natural flow regime.

Spatial changes in digitized open water areas were apparent over the three years 

examined, and most were not persistent from year to year (Figure 2.5). Unique areas of 

long-term persistence were identified from the time-series analysis. Initially, I selected 

standard beam imagery from 1997, 2005, and 2008 to create complete coverage for the 

study area in conjunction with the fine beam images. Results from the initial stacked 

layering of the standard beam data showed spatially persistent open water areas in the Big 

Delta, Alaska, region. This area was further examined to confirm the yearly continuity of 

occurrence of the open water areas (Figure 2.6). Observed spatial persistence of open 

water areas in the Tanana River may be due to the influence of deep groundwater 

upwelling (rather than more short-term hyporheic exchange). The Delta River empties 

into the Tanana River in this area and is locally known for large aggregations of fall 

chum salmon spawning (Reynolds 1997).

Average, minimum, maximum, and total area (km2) for all open water areas were 

calculated for the years examined (Table 2.3). The data were separated into two 

categories, southern reaches (standard beam data) and northern reaches (fine beam data). 

Open water areas mapped from the southern reaches of the study area are fewer in
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number and larger in area, an observation that is in agreement with our field observations. 

The open water areas mapped from the northern reaches are larger in number and smaller 

in size. Location of persistent open water areas is circled on the study area map (Figure 

2.1). All ephemeral open water areas are further north, extending to the end of the study 

area in Fairbanks, Alaska. This is suggestive of a physical boundary creating different 

spatial patterns in the hydrology of the system.

The SAR imagery used in this study provides a low-cost alternative to traditional 

in-stream habitat surveys for an important habitat feature for large, remote, glacially-fed 

rivers. Use of these methods presented in this study prior to field data collection would 

greatly reduce project costs associated with alternative aerial surveys. For this study,

SAR imagery was used to identify open water, which serves as a proxy for other 

biologically meaningful measures (i.e., thermal conditions, upwelling) - a precursor to 

more mechanistic data collection for the study area. I suggest that a river system can be 

more efficiently and effectively surveyed by first using remote sensing technologies 

followed by focused, in situ data collection. Preliminary mapping of open water areas 

prior to using SAR required the use of helicopter. Surveys of the entire study area 

resulted in approximately 30 hours flying time which costs $20,000 USD ($650 per 

hour). To understand the process of analyzing satellite imagery and use ArcGIS, two 

university level courses for training were required at a cost of $1,400 USD. The time to 

analyze the images equates to 40 man hours. Synthetic aperture radar imagery is 

available at no cost through the Alaska Satellite Facility for approved U.S. researchers, or 

available at a nominal cost (www.asf.alaska.edu/sardatacenter). In addition to cost
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savings, this methodology allows monitoring of open water areas through time, which is 

impossible to do with a snapshot, single-site visit. This may be particularly important for 

understanding why certain areas of open water appear to be particularly productive, core 

areas for fall-spawning chum salmon, as supported by preliminary observation (Reynolds 

1997).

Other, high spatial resolution alternatives are available at a greater cost that would 

also serve the goals of this study. Satellite platforms such as IKONOS, Quickbird, and 

ALOS Prism provide imagery at finer spatial resolutions that would identify open water 

areas more easily and could potentially allow for an automated feature extraction process; 

however, these images are not only more costly, but also vary in quality depending on 

weather.

Conclus ions

Hubbs and Trautman (1935) drew attention to the need for winter investigations 

of freshwater fish populations. Although winter studies have increased since that call, 

they remain challenging and underrepresented in the ecological literature. An increase in 

winter research is not only particularly challenging, but particularly important in high 

latitude regions like Alaska, where winter conditions are severe and small areas of the 

landscape can have disproportionate importance for the persistence and productivity of 

fish populations (Reynolds 1997). Transferring the methods used in this study across 

high latitude river systems has the potential to reduce costs associated with remote field 

work that identifies unfrozen habitats and eliminate logistical challenges associated with 

working outdoors in the arctic environment.
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This method allows for a time-series analysis over a decadal scale to monitor 

changes in a remote, glacial river. This will allow researchers to create baseline 

information for salmon spawning habitat in areas that have received little attention due to 

inaccessibility and inadequate survey methods. According to current climate change 

predictions, arctic freshwater systems will warm more rapidly than the global average, 

especially during winter (Prowse et a l 2006). A warming climate is likely to create 

hydrologic shifts in freshwater river systems, changing seasonal flow, ice cover and the 

severity of freeze-up and break-up (Prowse et a l 2006). Baseline information identified 

for arctic river systems is critical for monitoring changes in habitat. With a warming 

climate, this information could detect changes in riverine ecosystems, aid in better 

research and management decisions, and assist in the conservation of salmon in 

freshwater ecosystems.
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Table 2.1. Synthetic aperture radar (SAR) images used in this study.

Granule Name Beam Mode Acquisition Date
R1_01952_FN1_F162 
R1_01952_FN1_F161 
R1_48600_FN1_F162 
R1_48600_FN1_F161 
R1_64457_FN1_F289 
R1_64457_FN1_F288 
R1_06897_ST6_F160 
R1_22675_ST 6_F160 
R1_27877_ST3_F161 
R1_33022_ST3_F161
R1_38224_ST1 F161
R1_48722_ST1_F290 
R1_53981_ST7_F290 
R1 64435 ST2 F160

Fine Beam 
Fine Beam 
Fine Beam 
Fine Beam 
Fine Beam 
Fine Beam 
Standard Beam 6 
Standard Beam 6 
Standard Beam 3 
Standard Beam 3 
Standard Beam 1 
Standard Beam 1 
Standard Beam 7 
Standard Beam 2

MAR-20-1996
MAR-20-1996
FEB-25-2005
FEB-25-2005
MAR-10-2008
MAR-10-2008
MAR-01-1997
MAR-09-2000
MAR-08-2001
MAR-03-2002
MAR-02-2003
MAR-05-2005
MAR-08-2006
MAR-09-2008
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Table 2.2. List of open water locations, with latitude and longitude coordinates, mapped 
from an aerial survey on April 18, 2008 to verify mapped open water from March 2008 
SAR images.

Latitude Longitude
64.5608 -147.0737
64.5564 -147.0807
64.5546 -147.0606
64.5381 -147.0550
64.5263 -147.0257
64.5178 -147.0237
64.5069 -147.0209
64.4974 -146.9998
64.4722 -147.0053
64.4473 -147.0247
64.4433 -147.0299
64.3803 -146.9420
64.3532 -146.9026
64.3351 -146.8895
64.2773 -146.7025
64.2716 -146.6748
64.2688 -146.3748
64.2678 -146.4087
64.2638 -146.6664
64.2588 -146.3106
64.2565 -146.2681
64.2480 -146.1541
64.2472 -146.1228
64.2456 -146.1921
64.2442 -146.0859
64.2233 -146.0402
64.1949 -145.9777
64.1671 -145.8880
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Table 2.3. Number of open water areas (n) in the three years examined and 
average, minimum, maximum and total area of open water areas. Areas of 
open water have been separated between southern reaches (standard beam) 
and northern reaches (fine beam).

Southern Reaches: Standard Beam Data (12.5 m spatial resolution)
Year n Average (km2) Min (km2) Max (km2) Total Area (km2)
1997 12 0.18 0.0039 1.3 2.1
2000 6 0.41 0.027 1.7 2.5
2001 7 0.32 0.0070 1.5 2.2
2002 8 0.19 0.0045 0.63 1.5
2003 11 0.22 0.0064 1.2 2.5
2005 12 0.15 0.0094 0.96 1.8
2006 9 0.20 0.0087 0.88 1.8
2008 14 0.18 0.0080 1.3 2.5

Northern Reaches: Fine Beam Data (6.25 m spatial resolution)
Year n Average (km2) Min (km2) Max (km2) Total Area (km2)
1996 102 0.006 0.001 0.037 0.65
2005 81 0.013 0.001 0.089 1.1
2008 129 0.013 0.001 0.13 1.6
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Figure 2.1. The mainstem Tanana River between Fairbanks and Big Delta, Alaska. The area circled is 
the location of spatially persistent open water areas identified using time-series SAR imagery. 28



Figure 2.2. Winter photograph of an open water area in the mainstem Tanana River.
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Figure 2.3. Map showing open water areas (blue polygons) mapped from March 2008 SAR images and ground-control 
points (red dots) of open water locations obtained from an aerial survey conducted on April 18, 2008.

30



Figure 2.4. Image illustrating an easily identifiable water signature in a fall (September) image prior to 
river freeze-up. The frozen river in late winter (March) is less obvious, blending with the surrounding 
area due to similar radar signatures. 31
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Figure 2.5. Open water areas in the mainstem Tanana River digitized and layered 
to show a dominant pattern. The location of upwelling areas change with the relocation 
of the main channel and braiding pattern through time (1996-2008). The arrow is 
pointing to one that has been digitized from the 2005 SAR imagery.
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Figure 2.6. Mapped open water for each year examined near Big Delta, Alaska. The 
stars represent fixed locations for each year for location reference. This shows variability 
in each year for extent of open water and shows two distinct areas that remain open each 
year studied.
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Chapter 3: A remote sensing / GIS-based approach to identify and model spawning 

habitat for fall chum salmon in a sub-arctic, glacially-fed river.

Abs trac  t

At northern extremes of a species’ distribution, fish habitat requirements are often 

linked to thermal preferences and the presence of overwintering habitat. The goal of this 

study was to identify spawning habitat for fall chum salmon Oncorhynchus keta and 

model habitat selection from spatial distributions of tagged individuals in the mainstem 

Tanana River, Alaska. I hypothesized that the presence of groundwater, which provides 

thermal refugia for overwinter incubation, would be most important for fall chum salmon. 

Models included braiding, sinuosity, open water surface area (indicating significant 

groundwater influence), and open water persistence (consistent presence of open water 

for a 12-year period according to satellite imagery). Candidate models containing open 

water persistence were selected as most likely. Persistent open water areas were further 

examined using forward-looking infrared (FLIR) imagery, and marked differences 

between sites were observed in the extent of thermal influence by groundwater.

Persistent open water sites with strong groundwater influence appear to serve as core 

areas for spawning salmon, and the importance of stability through time suggests the 

legacy of successful reproductive effort in these areas for this homing species. This study 

indicates that not only the presence of groundwater is important for spawning chum 

salmon, but also its persistence and the extent of groundwater influence in the water

2 South, L., A. Rosenberger, A. Prakash, and J. Margraf. 2010. A remote sensing/GIS- 
based approach to identify and model spawning habitat for fall chum salmon in a sub
arctic, glacially-fed river. In preparation for Transactions of the American Fisheries 
Society.



column. These features would not be captured with a snapshot approach, but rather 

required monitoring of the sites through time enabled via remote sensing techniques.

I n t ro d u  ct ion

To identify the fundamental requirements of fish species, one must understand the 

direct relationship between habitat features and the fitness of individual animals. 

However, direct observation of this relationship can be difficult. In absence of this 

information, pinpointing the most likely limiting factor for population size, such as 

spawning or rearing habitat, can be most beneficial for conservation and management 

purposes (Rosenfeld 2003). Traditionally, habitat studies for river fishes have been 

conducted in a discontinuous and spatially and temporally limited manner. Reach-scale 

studies typically take into account visually observable variables on a small spatial scale, 

excluding processes that act on larger spatial and temporal scales that control the 

formation and presence of suitable habitat. This has led to unanswered questions about 

the fundamental nature and extent of habitat relationships of river fish (Torgersen et a l

2006). It has been suggested that multi-scale, nested sampling designs are needed to 

understand ecological processes that drive fish distributions (Baxter and Hauer 2000; 

Fausch et a l 2002; Poole et a l 2006).

For conservation and management purposes, it is important to understand what 

factors or processes limit the distribution of a species. Identification of the fundamental 

requirements of a given fish population is the first step to explaining fish-habitat 

relationships (Matthews 1998). This identification can be aided not only by a multi-scale 

approach, but also examination of a species at the extremes of their range, where a single
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limiting factor may be constraining its distribution (Stearns 1977). For example, at 

northern limits of a species’ range, the fundamental habitat requirement and limiting 

factor may be as simple as liquid water due to severe winter conditions. Pacific salmon 

are anadromous spawners that return to their natal site to spawn and search out specific 

hydrological features such as water odor, depth and velocity, gravel composition, and the 

presence of cover (Salo 1991). In Alaska, Pacific salmon species occupy habitats at the 

northern extent of their range. Water temperature suitable for incubating eggs could be 

the limiting habitat requirement for these species.

The Yukon River drainage in Alaska possesses two genetically distinct life- 

history forms of chum salmon Oncorhynchus keta, summer and fall (Seeb and Crane

1999). This species matures and returns to the freshwater environment between ages 3 

and 6 years, and fry emerge and migrate to the ocean in spring during ice-out (Quinn

2005). Adult summer chum salmon begin their freshwater migration into the Yukon 

River from late May through mid-July and spawn in small, clear-water tributaries. Fall 

chum salmon begin their spawning migration and enter the Yukon River from late June 

through early September, and spawn in mainstem habitats turbid from glacial melt for the 

majority of the summer (Barton 1992).

Fall spawning chum salmon have a narrow window of opportunity for spawning 

and egg incubation. Peak spawning for fall chum salmon is from mid-October to mid- 

November, which coincides with decreasing turbidity in the water due to reduced glacial 

run-off and greater influence of groundwater input (Osterkamp 1975). High silt load can 

be detrimental to the survival of salmon eggs (Hausle and Coble 1976; Lapointe et al.
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2004; Levasseur et al. 2006). However, late spawning limits time for egg incubation and 

larval growth prior to spring smolt outmigration. In the farthest North (Arctic and Sub

arctic regions), areas of upwelling water may best provide suitable temperatures 

throughout the winter. An increasing number of studies in other parts of their range have 

demonstrated that salmon are choosing spawning areas that have upwelling groundwater 

(Reynolds 1997; Geist and Dauble 1998; Baxter and Hauer 2000; Geist et al. 2002).

Areas with upwelling groundwater or hyporheic exchange provide warmer water 

temperatures for winter incubation and protection from freezing (Reynolds 1997; Fausch 

et al. 2002; Quinn 2005).

The goal of this study was to identify spawning habitat for fall chum salmon and 

model habitat selection from spatial distributions of tagged individuals in the mainstem 

Tanana River, a tributary of the Yukon River at the northern end of its range. My first 

objective was to characterize habitat along an extensive reach of the Tanana River with 

particular note of areas of open water during winter, which indicated the presence of 

groundwater. To relate those habitat features to the distribution of spawning females in 

the system determined through telemetry studies, I first determined if spawning females 

were disproportionately selecting areas of ice-free, open water that indicates the presence 

of groundwater. To examine the potential importance of open water and other habitat 

variables, I then used regression techniques to create a model of habitat use determined 

from final spawning locations of tagged female fall chum. Given the potential importance 

of groundwater-influenced areas (i.e., open water) for spawning chum salmon, my second 

objective was to examine and identify the thermal characteristics of ice-free areas and
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compare those characteristics with areas that remained frozen throughout winter. To 

accomplish this, I used a combination of remote sensing technology (forward-looking 

infrared [FLIR]) and more traditional, site-based methods for measuring stream 

temperatures (data loggers). This approach will demonstrate the potential of integrating 

remote sensing technologies and in-stream data collection for future studies to better 

elucidate critical habitat requirements for a commercially and culturally important fish 

species.

Methods

Study Area

This study took place in the Tanana River, a large, glacially-fed tributary of the 

Yukon River with unobstructed flow regimes. This river provides habitat at the northern 

extent of the range for fall chum salmon. Large runs of fall chum salmon return to the 

Tanana River and support important subsistence, personal use, and commercial fisheries. In 

recent years, fall chum salmon runs returning to the Yukon River and subsequently the 

Tanana River have been in decline (Borba et al. 2009). There is increasing industrial and 

urban development along the mainstem Tanana River, particularly near the cities of 

Fairbanks and North Pole, Alaska. To mitigate continuing declines of returning fall chum 

salmon runs and develop effective management strategies, it is essential to understand the 

habitat features important for continued persistence and productivity of this population.

The Tanana River is the largest tributary of the Yukon River, flowing 700 km 

northwest through a broad alluvial valley, draining an area of 155,250 km . Heavily silted 

and extremely braided, the Tanana River poses serious challenges for monitoring and
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identifying spawning fish and spawning areas. Prior to this study, only the Toklat and Delta 

rivers have been regularly monitored by aerial surveys in the Tanana River drainage after 

the subsidence of glacial waters, with average escapements of 31,000 and 14,000 fish, 

respectively (Bue et al. 2004). Currently, the Tanana River is considered a migration 

corridor in the Anadromous Waters Catalog (AWC) - a classification that requires less 

protection than a spawning area. Prior to this study, it was unknown but suspected that 

chum salmon spawned in the mainstem river. The study area for this project is the 

mainstem river between Fairbanks, and Big Delta, Alaska (Figure 3.1). This area is 160 rkm 

in length and was subdivided into 16 separate reaches for further study. Each reach was 

approximately 10 km in river length, taking into account smaller tributaries that empty into 

the Tanana River (Table 3.1). Study reaches were separated between smaller tributaries 

such that a tributary did not enter in the middle of a reach.

Radio-Telemetry Data

In large river systems where direct observations are not possible, radio-telemetry 

techniques have been effective in tracking movements of fish over long distances. The 

method has been used for abundance estimation, identification and usage of spawning 

sites, and observation of salmon behavior in numerous river systems in Alaska and 

Northwestern Canada and beyond, including Chinook salmon of the Taku River in 

Southeast Alaska and Canada (Eiler 1990; Eiler 1995), the Copper River in central 

Alaska (Savereide 2005), and Holitna River in western Alaska (Wuttig and Evenson 

2002). In the Yukon River, radio-telemetry techniques were used to study Chinook 

salmon in the Yukon River basin from 2000-2004 (Eiler et al. 2004). These studies
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demonstrate the feasibility and effectiveness of using radio-telemetry techniques for 

locating possible spawning sites.

The Alaska Department of Fish and Game applied these proven radio-telemetry 

techniques to female fall chum salmon on the upper Tanana River and provided the data 

for this research. Adult female fall chum salmon were captured with fish wheels 

upstream of the Kantishna River on the north bank of the Tanana River from 16 August 

through 30 September in 2008. (Yukon River mile 793), located between the communities 

of Manley and Old Minto. Because the majority of the upper Tanana River spawning 

areas were thought to be 275 km upstream of the tagging area, this deployment location 

allowed ample time for the fish to adjust to tagging and continue migration upriver. 

Technicians hired by the Alaska Department of Fish and Game (Commercial Fisheries 

Division) and the Tanana Chiefs Conference operated the wheel on a daily basis and 

conducted tagging and data recording. Only fish taken directly from the baskets were 

used for the radio-telemetry project.

The fish were tagged with an internal pulse-coded radio transmitters manufactured 

by Advanced Telemetry Systems, Inc. (ATS 2008). Transmitters weighed approximately 

20 g and were 5.4 cm long and 2.0 cm in diameter, with a 30 cm transmitting antenna. 

Technicians inserted tags gently through the mouth into the stomach using a plastic tube 

0.7 cm in diameter, from which the antenna protruded during insertion. Transmitters were 

placed on 11 discrete frequencies in the 150-151 MHz range spaced a minimum of 20 

kHz apart. Identification of individual fish was possible, and each frequency could 

accommodate up to 100 distinct pulse codes. Transmitters were also equipped with a
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motion sensor, which gave a mortality code when not in motion for 24 h. Surveys to 

track fish movement were conducted by air beginning two weeks after initial tag 

deployment, at least twice weekly, until late December.

Satellite Imagery

Synthetic aperture radar (SAR) imagery acquired by the Alaska Satellite Facility 

(ASF) was used for this study. Synthetic aperture radar operates within the microwave 

portion of the electromagnetic spectrum, allowing for continuous data collection 

regardless of cloud cover (Lillesand et al. 2008). Spaceborne SAR imagery used in this 

study operates by an active microwave sensing system. An active sensor is one that 

provides its own source of energy, in contrast to sensors that operate in the visible region 

of the electromagnetic spectrum that are passive and dependent upon the sun for energy 

(Lillesand et al. 2008). Synthetic aperture radar imagery used in this study was obtained 

from the satellite RADARSAT-1, collected from the C band with a 5.7 cm wavelength. 

Images were collected in September 2007 for braiding and sinuosity calculations, and 

March 1996, 1997, 2000-2003, 2005, 2006, and 2008 for determination of open water 

persistence.

Advanced land observation satellite (ALOS), advanced visible and near-infrared 

radiometer type 2 (AVNIR-2) images were used to categorize areas with open water and 

calculate open water surface area. The AVNIR-2 sensor acquires four bandwidths, three 

visible bands (0.42-0.50 p,m; 0.52-0.60 p,m; 0.61-0.69 p,m) and one near-infrared band 

(0.76-0.89 p,m) with 10 m spatial resolutions. The images were acquired in March 2009 

and all had 30 percent or less cloud cover.
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Thermal Imagery

In November 2009, FLIR images were collected to describe temperature patterns 

for selected open water areas. The FLIR sensor acquires temperature emittance values in 

a single 7.5-13 pm broad band spectral range. A ThermoVision A320G (FLIR systems™

2009) sensor with a 24° lens was used to capture images at a rate of 30 images per 

second. Flying at an altitude of 1,300 m provided thermal images with a spatial 

resolution of 1.7 m. Flying height, ambient temperature, and atmospheric humidity at the 

time of flight were entered into the FLIR software to carry out automated corrections of 

the recorded thermal data.

The FLIR software uses an inversion ofPlanck’s function to convert spectral 

radiance to radiant temperature values. I used a uniform emissivity value of 0.90 during 

image collection. Most natural substances have emissivity values between 0.80 -  0.97 

(Lillesand et al. 2008), and taking a uniform emissivity did not influence the spatial 

thermal patterns obtained in this study.

Habitat Selection

Integrating remote sensing and telemetry data into GIS was necessary to 

determine if fall chum salmon were disproportionately selecting areas of upwelling water 

to spawn. Although the physical process of upwelling is, thus far, unobservable using 

remote sensing techniques, areas of open water can be identified using the remote sensing 

techniques described above. Advanced land observation satellite, AVNIR-2 images 

acquired in March 2009 were used to classify areas as open and non-open water (i.e., 

frozen surface) and combined with telemetry data to determine final spawning location.
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Total river surface area was calculated from digital extraction of the water body in 

ArcGIS (ESRI 2007) from SAR images acquired from the standard beam mode with a 

12.5 m spatial resolution collected on September 30, 2007. This accounted for flow 

regimes during migration and early spawning prior to river freeze-up; however, images 

for 2008 were unavailable. Open water surface area was calculated from digital 

extraction of the open water in ArcGIS (ESRI 2007) from AVNIR-2 images acquired in 

March 2009 (post river freeze-up). Final spawning locations from female fall chum 

salmon were determined from the radio-telemetry data. A female was classified as a 

spawner by having at least three telemetry points within one given reach within one 

month of each other. This time frame was chosen to account for time spent by the female 

searching for a nest site, digging a redd, spawning, and territorial defense (Figure 3.2). A 

G test was used to determine disproportionate selection of habitats during that time 

period (Sokal and Rohlf 1997). Tagged individuals that traveled through the study area 

and showed no site fidelity were not included in analysis.

Habitat Modeling

Negative binomial regression was used to create a model of habitat use based on 

remotely sensed data from satellite imagery. The negative binomial is a discrete 

probability distribution that is used for animal count data and considers zero’s inherent in 

ecological count data (Power and Moser 1999; Pradhan and Leung 2006; Lewin et al.

2010). The SAS statistical package (SAS Institute Inc. 2009) was used for all analyses. 

The dependent variable was total number of spawning salmon per study reach, 

determined using methods described above. The independent variables were: braiding,
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sinuosity, open water surface area, and open water persistence. Synthetic aperture radar 

images from the standard beam mode with a 12.5 m spatial resolution collected on 

September 30, 2007 were used to calculate braiding index and sinuosity. The level 1 

SAR data acquired from ASF was processed in Mapready (ASF 2009) to convert it from 

CEOS format to a GeoTIFF format.

Braiding index

(1) B Lctot / Lcmax ,

was calculated by the sum of the mid-channel lengths (Lctot) of all the segments of 

primary channels in a reach and the mid-channel length (Lcmax) of the widest channel 

through the reach (Friend and Sinha 1993).

Sinuosity

(2) P =  Lcm ax / L Rj

was calculated by the mid-channel length of the widest channel through the reach (Lcmax) 

and the overall length of the channel (LR), measured along a straight line (Friend and 

Sinha 1993). Open water surface area (km2) was calculated from AVNIR-2 images from 

March 2009 by digitally extracting the water body in ArcGIS (ESRI 2007). Open water 

persistence was assessed from analysis of repeated SAR imagery over a 12-year span. 

Synthetic aperture radar imagery collected from March 1996, 1997, 2000-2003, 2005, 

2006, and 2008 was used to map open water in each study reach. Each open water area 

was hand digitized using ArcGIS for all years for which SAR images were available.

Once digitizing was complete, layers for the different years (spanning 1996 to 2008) were 

stacked and analyzed to determine persistence in the occurrence and extent of open water
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areas from year to year. A reach with a persistent open water area was given a value of 

(1); otherwise, the reach was classified as non-persistent and given a value of (0).

I employed the information-theoretic approach and model selection was based on 

Akaike’s information criterion (AIC) (Burnham and Anderson 2002). All variables used 

to create the model of habitat use were tested for co-variance by using a Pearson 

correlation coefficient. Open water persistence (hereafter, persistence) co-varied with 

both braiding and open water surface area, preventing a test of a global model; I instead 

used the information theoretic approach to choose candidate models that were a subset of 

the global model. Candidate models include: sinuosity, braiding, and open water surface 

area; braiding and open water surface area; persistence; persistence and sinuosity. AIC is 

defined as

(3) AIC = -2 ln(L) + 2k,

where L is the log-likelihood at its maximum point over the model parameters and k is the 

number of estimable parameters in the model (Burnham and Anderson 2002).

A variant of Akaike’s information criterion was employed for model selection (AICc). 

This variant contains an additional bias-correction term important for small sample sizes 

(Burnham and Anderson 2002) and is computed as follows

(4) AICc= AIC+ 2k (k+1) / n -  k -  1,

where n is the sample size and k is the number of estimable parameters in an 

approximating model.
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Thermal Characteristics of Open Water Areas

Temperature data loggers were used to identify differences in habitat between 

upwelling and non-upwelling habitats. Surface water temperature measurements were 

collected using HOBO pro v2 water temperature data loggers (Onset 2008) that were 

deployed in October/November 2008 and continually collected data until retrieval in 

April 2009. Loggers were placed in eight open water sites and 15 non-open water sites 

prior to river freeze-up. Sites were chosen based on visual ice mapping during 

November/December 2007. Two data loggers were deployed in each open water area, 

one at the upstream end and one at the downstream end. One logger was deployed at 

each of the non-open water sites. Forward-looking infrared images collected for specific 

upwelling sites were loaded into FLIR builder software that automatically stitched 

images together. The images were then geo-referenced using ERDAS Imagine software 

(Leica Geosystems 2008) to an ALOS AVNIR-2 image from March 2009 to obtain 

spatial reference.

R esults

A total of 197 female fall chum salmon exhibited spawning behavior; 96 (49%) 

spawned in open water habitats and 101 (51%) spawned in non-open water habitats.

Total (pre-freeze) river surface area was 59.5 km2, while open water (post-freeze) surface 

area was 2.8 km2. Therefore, 49% of spawning salmon selected 4.7% of available habitat 

(£=328, /?<0.001).

Negative binomial regression was employed to relate habitat variables to 

spawning salmon occurrences (Table 3.1). Therefore, AICc values were generated for

46



each candidate model (Table 3.2). Although the absolute size of an AICc value is not 

alone meaningful, relative values and AICc differences between candidate models can be 

used for model selection. I used the conventionally accepted method that if  AICc 

differences are <2, that model should not be eliminated (Burnham and Anderson 2002). 

Based on this approach, the two most likely models for predicting numbers of spawners, 

areas with the greatest numerical abundance, based on AICc differences was the model 

that included sinuosity and open water persistence (AICc = 68.16;A = 0.0) and the model 

including open water persistence alone (AICc= 69.52; A = 1.36).

Temperature data loggers were retrieved from 14 of 23 sites in April 2009 (Figure 

3.1). Ice cover and deep water levels prevented retrieval of loggers from non-open water 

sites. Loggers were retrieved from six sites thought to be non-open water based on visual 

aerial surveys conducted in 2007; however, upon retrieval, sites 1, 2, and 12 contained 

open water and sites 3, 4, and 6 had dried up and were completely free of ice. 

Additionally, sites 5, 7, and 8 labeled as open water dried up and were free of ice.

Surface water temperatures varied between open water sites (Table 3.3). The most 

consistent temperatures through the winter season (adequate for egg incubation) were in 

site 14 (minimum of 3.99 °C, maximum 5.8 °C, and mean of 4.78 °C).

Forward-looking infrared images were collected from persistent open water areas 

(spanning 1996-2008) mapped from SAR imagery to obtain thermal characteristics on a 

larger, more continuous scale within and among upwelling sites. These images illustrated 

the spatial thermal heterogeneity of upwelling water areas and the degree of groundwater 

influence on the thermal characteristics of surface waters. For corroboration, we
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compared surface temperature loggers from site 14 with FLIR imagery, and data were in 

agreement. One image from a spawning habitat site near Rika’s Roadhouse displayed 

warm upwelling water (4.5 -  6.0 °C) entering the system, contrasting with much cooler 

surface water (1.0 °C) (Figure 3.3). A second habitat site near Bluff Cabin Slough also 

showed warmer groundwater entering the system (Figure 3.4). This site contains 

extensive thermal spatial heterogeneity with strong input of warmer water, presumably 

from groundwater influx. A third, persistent open water site located approximately 52 

km downstream from Big Delta, Alaska (Figure 3.5) showed a smaller area of thermal 

mixing and low spatial heterogeneity in stream temperatures than the other sites. Two 

surface water temperature data loggers were retrieved from site 9, which was ~600 m 

upstream from FLIR image acquisition in the third persistent upwelling site. Both data 

loggers showed highly variable temperatures, with means remaining just above 0.0 °C 

suggesting a limited influence of groundwater in this site.

Disc ussion

My observations suggest strong selection of open water areas, and the most likely 

models included information on the spatial and temporal persistence of these habitats. 

These results suggest that not only are the thermal characteristics of upwelling water 

selected by females, but also areas that have a stable groundwater influx, indicating a 

legacy of past reproductive success for this homing species. Collection of microhabitat 

variables for fall chum salmon spawning habitat (e.g., substrate, depth, and velocity) 

were attempted but unsuccessful due to the dynamic, remote, and logistically challenging 

nature of a large, glacial river and the season (late fall) that fall chum salmon occupied
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the habitat. Opportunistic placement of temperature data loggers based on aerial visual 

observations resulted in incomplete habitat-assessment, where no broad-scale 

interpretation could be made about fundamental habitat requirements, and led to further 

examination of temperature patterns within and between upwelling sites using FLIR 

imagery. Forward-looking infrared images showed extensive thermal heterogeneity 

within sites but the degree of upwelling influx varied between sites.

In a concurrent study, the United States Geological Survey (USGS) assessed the 

thermal characteristics of sites in the Tanana River within the area covered by FLIR 

images examining the inter-gravel and surface water temperature characteristics of 

upwelling habitats (Figures 3.4, and 3.5). United States Geological Survey upwelling 

habitat sites 9 and 10 had a higher VHG and contain stable inter-gravel temperatures, 

which provided sufficient accumulated thermal units (ATU), an accumulated effect of 

temperature over time, for complete egg incubation and fry emergence (Table 3.4) (Burril 

et a l 2010). Surface water temperatures that were directly in an area of groundwater 

input were stable and similar to inter-gravel temperatures. Surface water temperatures 

that were not directly in an area of groundwater influx, but were in close proximity, 

varied significantly even though inter-gravel temperatures were stable.

Identifying areas with strong groundwater inputs and complex thermal 

heterogeneity with FLIR imagery allows for the identification of areas containing a 

suitable thermal environment for egg incubation. By identifying the surface water 

temperatures directly in an area of strong groundwater influx, it may be possible to infer 

the inter-gravel temperatures and determine if the area is suitable for egg incubation;
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however, additional data is needed for support. These data illustrates the utility of 

integrating remote sensing and in-stream data collection to identify critical habitat for 

spawning fall chum salmon and investigate the role of the abiotic environment in habitat 

selection.

In the last decade, it has been argued that traditional habitat-assessment methods 

employed in a snapshot manner only examine small spatial and temporal phenomena and 

fail to capture important ecological and physical processes important to fish productivity 

(Geist and Dauble 1998; Baxter and Hauer 2000; Fausch et al. 2002). Applying 

traditional habitat-assessment methods for small streams to the large, glacially-fed 

Tanana River proved to be infeasible, necessitating of the acquisition of remotely sensed 

data. Recent advancements in technology have allowed for the remote detection of in

stream habitat features important for juvenile salmon at intermediate scales using optical 

remote sensing (Carbonneau et al. 2005; Carbonneau and Bergeron 2005; Carbonneau et 
al. 2006; Smikrud and Prakash 2006; Marcus and Fonstad 2008; Smikrud et al. 2008). 

However, optical imagery is limited by cloud cover, a common problem in arctic regions. 

The use of SAR imagery circumvented this problem and allowed for the identification of 

persistent open water habitats important in the two most likely models. Finally, a 

combined approach of remote sensing and in-stream data assisted in the characterization 

of critical habitat areas.

The strong selection of spatially and temporally persistent upwelling areas 

identifies the role of both the presence and temporal stability of this critical habitat for 

this species. The hyporhiec zone is an ecotone where surface water and groundwater
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(SW-GW) interact to influence ecological processes in rivers and streams (Boulton et al. 
1998). This ecotone is controlled by geomorphology (Poole et al. 2006) and can have a 

strong influence on riverine landscapes (Wiens 2002). Ephemeral open water areas in the 

mainstem Tanana River are likely dominated by the hyporhiec zone, containing smaller 

groundwater inputs resulting in smaller size and spatial instability. Geomorphology and 

complex patterns of hyporheic exchange and upwelling are important for spawning bull 

trout Salvelinus confluentus (Baxter and Hauer 2000) and brook trout Salvelinus 
fontinalis (Curry et al. 1995). Ice-free areas have provided rearing habitat for juvenile 

Chinook salmon Oncorhynchus tshawytscha during winter in British Columbia (Levings 

and Lauzier 1991). Trout population densities are generally highest in streams with high 

groundwater discharge (Fausch et al. 1988). Strong selection of persistent areas with 

upwelling groundwater by spawning fall chum salmon in the Tanana River led to further 

analysis of the SW-GW interaction within these dense spawning sites. Use of FLIR 

imagery not only indicated where groundwater was entering the river, but showed 

extensive thermal heterogeneity within and among sites. This highlights the spatial 

limitations of in-stream temperature data recorders and identified biologically important 

areas on a larger, more continuous scale (Torgersen et al. 2001). Persistent open water 

areas are dominated by strong groundwater inputs, likely a result of geologic controls far 

beneath the surface resulting in their larger size, and spatial and temporal persistence.

Now that the SW-GW interaction has been identified in critical habitat areas, the 

next step is to conduct in-stream analysis to identify water-chemistry characteristics 

within and between upwelling sites. Generally, groundwater may be low in dissolved
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oxygen and detrimental to salmon embryo survival (Sowden and Power 1985; Malcolm 

et a l 2004). However, complex hydrological patterns with strong upwelling and 

localized downwelling can lead to higher oxygen concentrations suitable for spawning 

salmonids (Baxter and Hauer 2000). Use of FLIR imagery to identify areas of 

groundwater influx with complex patterns will aid in targeted in-stream analysis to 

identify localized downwelling. Further, water-chemistry analysis of complex SW-GW 

environments, identified from FLIR imagery, could potentially identify important 

chemical cues that spawning fall chum salmon are using to home to spawning grounds. 

These types of studies can identify spawning sites and important reach and site-scale 

variables for salmon and better elucidate physical processes creating and maintaining 

these habitats.

Spatial and temporally persistent upwelling areas with complex SW-GW 

interactions could be providing core habitats essential for population productivity and 

persistence. Although the highest densities of fish were in persistent open water habitats, 

many individuals were spawning in areas that eventually froze over. This does not 

necessarily imply that these individuals were ultimately unsuccessful in their 

reproductive effort or that they did not select areas where upwelling was taking place.

The presence of ice-free water in winter merely indicated upwelling, but I did not have 

the means to observe this phenomenon directly at a large spatial extent. Reaches with 

groundwater influence but lower stability may, alternatively, offer reproductive habitat 

for straying fish or fish that are competitively excluded from the core areas. In unstable 

zones, the continued presence of spawning chum salmon in consecutive years may be
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largely due to the influx of individuals from these core habitats (Dunning et a l 1992). 

Localized areas of upwelling without enough influence on the thermal characteristics of 

surface water to prevent surface ice may allow successful egg incubation and 

development. Further analysis of groundwater input in non-persistent upwelling areas is 

necessary to better explain fall chum salmon spatial distributions and determine whether 

they are truly sink habitats. A common practice in habitat conservation is to prioritize 

protection of core productive habitats. Typically, these habitats have the largest densities 

of individuals, are resistant to declines, and offer a source for future emigration to 

unoccupied habitats (Isaak and Thurow 2006). Although, these core areas are clearly 

important, this conservation strategy can have long-term consequences by constraining 

populations in the event that core habitats are lost and no peripheral populations are 

available to recolonize core areas (Isaak and Thurow 2006). Ephemeral open water 

habitats, though not core areas of productivity, may also be important, providing a means 

for resilience in the event of core habitat loss.

According to current climate change predictions, arctic freshwater systems will 

warm more rapidly than the global average, particularly during winter (Prowse et al.

2006). A warming climate is likely to create hydrologic shifts in freshwater river 

systems, changing seasonal flow, ice cover, and the severity of freeze-up and break-up 

(Prowse et a l 2006). Studies using winter stream flow as a proxy for groundwater inputs 

in the Yukon River basin are indicating shifts in the SW-GW interactions, with an 

increase in groundwater contributions to overall stream flow (Striegl et al. 2007; 

Walvoord and Striegl 2007). This is likely due to permafrost thawing, which is also
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causing increases in dissolved inorganic carbon (DIC) and dissolved inorganic nitrogen 

(DIN) (Striegl et al. 2007; Walvoord and Striegl 2007). It is essential to understand the 

current chemistry, particularly oxygen levels, of upwelling areas important for salmon 

spawning if warming events cause a change in groundwater processes, and, therefore the 

chemical environment of the river. Combining remote sensing and in-stream evaluations 

will allow researchers to create baseline information for salmon spawning habitat in areas 

that may be most vulnerable to climate-change but have received little attention due to 

inaccessibility and inadequate survey methods. Baseline information identified for intact 

arctic and sub-arctic river systems relatively free from anthropogenic alterations is 

critical for monitoring future changes in habitat. With a warming climate, this 

information could be used to detect changes in riverine ecosystems, aid in better research 

and management decisions, and assist in the conservation of salmon in freshwater 

environments.

Image ry L im i ta t io n s  

This study relies on the use of satellite image data for mapping open water areas 

and the scale of mapping is commensurate with the spatial resolution of the available 

satellite images. In the visible part of the spectrum, satellite images are available at a sub 

meter spatial resolution supporting mapping at approximately 1:5000 scale. This starts to 

meet the mapping needs for fisheries habitat studies. However, the data acquisition in the 

visible part is affected by cloud cover, which poses severe limitations. Synthetic aperture 

radar data has the advantage that it can acquire useful data even when there is cloud 

cover. The spatial resolution of current day SAR satellite systems is limited, supporting

54



mapping at 1:25,000 scale. This mapping scale is sufficient to look at persistent open 

water stretches in large rivers. Ephemeral open water areas are smaller than persistent 

open water areas, making it difficult to accurately identify using lower resolution SAR 

imagery resulting in an underestimation of potential habitat.

A general paucity of field and observational data in Alaska is another limitation of 

this study. Accurate geologic maps, groundwater discharge locations and gauging station 

data are not available. The remote, rugged, and inaccessible terrains of Interior Alaska 

make it difficult to systematically collect ground-truth data to validate satellite image 

interpretations. I therefore have to rely on limited data that is available or can be 

acquired, leading to a more opportunistic approach to validation and accuracy 

assessment.

Fu tu r  e R ecomm endat ions 

Fish populations carry out life-history events at intermediate spatial and temporal 

scales and this scale is argued to be the most difficult to survey (Fausch et al. 2002). 

Previously, satellite imagery has been used to study stream habitat at the basin scale and 

only analyze one-dimensional channels that do not show habitat features required by fish 

(Fausch et al. 2002). I used satellite imagery to identify spatially and temporally 

persistent ice-free areas, important for fall chum salmon spawning at the intermediate 

scale. I combined that information with more focused, intermediate analysis using FLIR 

imagery that identified thermal heterogeneity and differing thermal patterns between 

persistent open water areas. These surveys were combined with limited, fine-scale
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habitat information to create a multi-scale spatial and temporal examination of fall chum 

salmon spawning habitat in the mainstem Tanana River.

Using remote sensing to identify areas with groundwater discharge is important 

for future freshwater fish habitat studies within and outside of Alaska. Groundwater 

provides a variety of ecological functions for fishes, particularly salmonids (Boulton et 
al. 1998; Jackson et al. 2001; Fausch et al. 2002; Malcolm et al. 2004; Quinn 2005). 

Areas with groundwater discharge drives spawning habitat selection for brook trout in 

Cananda (Curry et al. 1995) and bull trout in Montana (Baxter and Hauer 2000); it has 

shown to provide winter rearing habitat for juvenile Chinook salmon in British Columbia 

(Levings and Lauzier 1991). In more temperate areas, groundwater discharge provides 

cool-water refugia for brown trout in New Zealand (Olsen and Young 2009). Recently, 

studies have shown inconnu Stenodus leucichthys, the largest member of the whitefish 

sub-family Coregoninae, using areas with groundwater discharge throughout the Yukon 

River basin (Tanner 2008; Gerken 2009). Given these findings, a practical and accessible 

approach is needed for identification and monitoring of these critical areas.

Historically, salmon ecological studies in freshwater environments have been 

conducted at small spatial and temporal extents and knowledge is derived from these 

snapshot surveys for habitat conservation (Fausch et al. 2002; Isaak and Thurow 2006). 

This is a direct result from short funding and project time-frames associated with modern 

research. A better understanding of species-habitat relationships is gained by developing 

spatially and temporally continuous study designs (Fausch et al. 2002). This approach 

creates an opportunity for a view of a system at a watershed scale - the scale for which
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lands are managed and salmonids carry out life history events (Rieman and Dunham

2000). Technological advancements and the use of remote sensing, in part, circumvent 

spatial and temporal constraints in traditional freshwater ecological studies for assessing 

fish habitat.
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Table 3.1. Habitat characteristics and lengths (km) of study reaches in the Tanana River, 
Alaska. All habitat variables were used in candidate models of the total number of 
spawners in the Tanana River.

Open
Reach

ID
Length
(km) Sinuosity Braiding

Water
Area
(km2)

Open
Water

Persistence
Total

Spawners
1 9.4 1.36 2.19 1.09 1 22
2 10.5 1.20 2.18 0.27 1 14
3 12.1 1.19 2.88 0.57 1 41
4 12.1 1.29 3.49 0.08 0 8
5 10.1 1.32 3.24 0.07 0 5
6 10.3 1.23 2.95 0.01 0 3
7 9.7 1.14 3.01 0.15 1 21
8 9.5 1.28 2.93 0.06 0 14
9 9.6 1.46 3.58 0.00 0 16
10 9.5 1.36 3.84 0.05 0 17
11 9.6 1.30 4.30 0.06 0 14
12 10.3 1.32 3.69 0.13 0 10
13 10 1.19 4.28 0.20 0 5
14 9.8 1.19 4.26 0.14 0 4
15 10 1.14 3.02 0.04 0 1
16 9.8 1.22 2.50 0.02 0 2



Table 3.2. Candidate models of final spawning location for fall chum salmon with intercept and 95% confidence interval, R2, 
and AICc values calculated from a negative binomial regression analyses. Also shown is the AICc difference (A) between 
candidate models.

Variable
Model P (sinuosity) B (braiding) Open Water Area Persistence R2 AICc A

P, Persistence 4.62 (1.14, 8.10) -1.51 (-2.17, -0.85) 0.60 68.16 0.00
Persistence -1.08 (-1.76, -0.42) 0.51 69.52 1.36
B, OWArea 0.13 (-0.51, 0.77) 1.62 (0.019, 3.22) 0.33 76.45 8.29

P, B, OWArea 1.36,( -2.55, 5.27) 0.06 (-0.59, 0.72) 1.66 (0.021, 3.31)_______________________ 0.34 78.36 10.20
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Table 3.3. List of surface temperature data loggers retrieved from the Tanana River in 
April 2009. Site number is shown by its latitude and longitude coordinates, logger 
start/stop date, and minimum, maximum, and mean temperature in °C. Sites 5, 7, 9, and 
13 contained two loggers.

Site Latitude Longitude Start Stop Min °C Max °C Mean °C
1 64.787 -147.761 10/25/2008 4/8/2009 0.02 2.50 0.78
2 64.769 -147.563 11/3/2008 4/6/2009 1.13 6.36 2.92
3 64.747 -147.438 11/3/2008 4/6/2009 -10.44 2.77 0.84
4 64.686 -147.311 10/31/2008 4/8/2009 -4.90 0.85 -1.20
5 64.677 -147.283 11/25/2008 4/6/2009 -12.31 4.95 -0.22
5 64.677 -147.283 11/25/2008 4/6/2009 -9.44 1.97 0.02
6 64.629 -147.228 11/3/2008 4/6/2009 -8.36 6.97 0.08
7 64.548 -147.066 11/25/2008 4/6/2009 -5.67 2.29 0.82
7 64.548 -147.067 11/25/2008 4/6/2009 -9.37 1.72 0.08
8 64.441 -147.031 11/25/2008 4/6/2009 -4.38 3.14 0.20
9 64.309 -146.828 11/25/2008 4/6/2009 -0.06 3.04 0.79
9 64.309 -146.829 11/25/2008 4/6/2009 -0.12 3.62 0.58
10 64.283 -146.412 11/25/2008 4/7/2009 0.02 0.36 0.05
11 64.249 -146.263 11/25/2008 4/9/2009 0.08 3.85 1.18
12 64.176 -145.888 11/3/2008 4/7/2009 -0.06 3.78 2.24
13 64.156 -145.875 11/25/2008 4/7/2009 -3.72 1.48 0.17
13 64.156 -145.874 11/25/2008 4/7/2009 -9.51 1.51 -1.40
14 64.157 -145.841 12/5/2008 4/4/2009 3.99 5.80 4.78
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Table 3.4. List of habitat sites monitored by USGS scientists, showing VHG, 
type of logger used, minimum, maximum, and mean temperatures in °C and 
accumulated thermal units (ATU) for each site. No temperature data were 
retrieved from USGS site 5.

Site
VHG
(cm)

Data
Logger Min °C Max °C Mean °C ATU

USGS 5 0.2
USGS 9 0.6 Surface -0.0 5.5 3.1 467

40cm 1 1.2 5.8 5.6 842
40cm 2 -0.1 5.5 5.2 783

USGS 10 1.0 Surface 0.0 4.0 1.0 158
40cm 1 5.0 5.4 5.2 779
40cm 2 4.7 5.2 5.0 749
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Figure 3.1. Mainstem Tanana River study area between Fairbanks and Big Delta, Alaska. 
Numbered sites are locations of retrieved surface temperature data loggers.
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Figure 3.2. Image illustrating a single spawning female fall chum salmon (white dots) in 
an open water area mapped from an ALOS AVNIR-2 image acquired in March 2009. 
Each white dot is from one aerial survey over the tracking season.
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Figure 3.3. Forward-looking infrared image of a spawning habitat site near Rika’s Roadhouse showing warm groundwater 
influx (yellow shaded area) as compared to the cooler surface water (pink shaded area). The enclosed circle indicates 
location of surface temperature data logger retrieved from site 14. Inset is showing the AVNIR-2 image used 
for georeferencing. The white box is showing the extent of the FLIR image.
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Figure 3.4. Forward-looking infrared image near Bluff Cabin Slough showing spatial 
thermal heterogeneity of upwelling groundwater influx and the location of USGS sites 9 
and 10. Inset is the AVNIR-2 image used for georeferencing. The white box is the 
extent of the FLIR image.



Figure 3.5. Forward-looking infrared image showing less groundwater influx (yellow shades) with 
surface river water (pink shades) and USGS habitat site 5. Inset is the AVNIR-2 image used for 
georeferencing. The white box is the extent of the FLIR image.
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Chap t  e r 4: G en e ral Con elusions

“ There may be people who feel no need for nature. They are fortunate, perhaps. 
But for those of us who feel otherwise, who feel something is missing unless we 
can hike across land disturbed only by our footsteps or see creatures roaming 
freely as they ha ve always done, we are sure there should be wilderness. Species 
other than man ha ve rights, too. Ha ving finished a ll the requisites of our proud, 
materialistic civilization, our neon-lit society, does nature, which is the basis for 
our existence, have the right to live on? Do we have enough reverence for life to 
concede to 'wilderness this right?” - Margaret E. Murie from Two in the Far 

North

Pacific salmon populations provide significant subsistence and economic 

resources to the peoples of Alaska and the world over. It is this continued demand that 

has led to increasing declines of returning salmon runs across the Pacific Northwest and, 

more recently, Alaskan waters. The primary culprit for this tragic pattern is habitat loss 

and degradation due to human appropriation of freshwater resources (Rosenfeld 2003). 

Currently, Alaska still possesses pristine, freshwater habitats where salmon are able to 

carry out life-history events in similar fashion as their ancestors. This provides an 

opportunity to study habitat features within rivers with natural flow regimes that 

contribute to successful population growth. To fully understand the relationship between 

salmon and habitat selection, it is essential to identify fundamental requirements that



contribute to continued fitness. To gain this understanding, we as fish biologists, must 

ourselves adapt to changes in our environment that allow for the multi-dimensional study 

of fish-habitat relationships.

Traditional snapshot habitat methods used to identify features important for 

Pacific salmon spawning has led to an incomplete understanding of what is essential for 

successful population growth. It is the spatial and temporal snapshot approach that has 

created gaps in our knowledge and led to ineffective management and research. By using 

a multi-scaled approach to study salmon spawning habitat, I have been able to identify 

areas that are spatially and temporally reliable for returning salmon. Integrating remote 

sensing and GIS with traditional methods has provided a means to map and monitor 

freshwater spawning habitats, thereby providing an alternative to traditional ground- 

based survey methods.

Results from Chapter 2 represent one of the first studies to use SAR imagery to 

map and monitor ice-free habitats in a large, glacial river. This allowed for the 

identification of spatially and temporally persistent open water habitats for spawning fall 

chum salmon, which have been unobtainable by traditional methods. This method can 

significantly advance future habitat studies by providing a means to collect baseline 

information through temporal analysis of large river systems. This is increasingly 

important when faced with habitat alterations from proposed developments and possible 

habitat shifts due to a warming climate that necessitates monitoring.

In Chapter 3, I was able to demonstrate the importance of spatially and temporally 

persistent open water habitats for spawning fall chum salmon. By applying the methods
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presented in Chapter 2, I was able to show that temporally persistent open water was the 

best predictor for determining final spawning locations for fall chum salmon. Further, 

FLIR imagery illustrated that sites with upwelling groundwater vary greatly in the 

amount of influx and spatial heterogeneity. Prior to this study, any groundwater input 

was thought to be equally important for spawning salmon. However, open water areas 

that remain spatially and temporally persistent with strong groundwater inputs and 

thermal heterogeneity appear to be the most productive habitats (i.e., core habitats).

Remote sensing technologies have allowed for the elimination of many problems 

associated with field work in a remote, glacial river. The integration of remote sensing 

and GIS with traditional habitat-assessment methods has allowed for a multi-scaled 

approach to Pacific salmon habitat studies. This has led to the identification of features 

important in space and time that are otherwise unobservable with traditional methods. 

This allows managers and researchers to better understand the relationship salmon have 

with their environment. It is essential that the proper tools are developed and adopted for 

future studies to fully understand these relationships. The scientific community must 

adopt a different approach that allows us to examine temporal phenomena that are 

relevant to salmon life histories, which will allow managers to make informed decisions 

for future habitat conservation.
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