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Abstract

At northern limits of a species’ distribution, fish habitat requirements are often linked to thermal preferences,
and the presence of overwintering habitat. However, logistical challenges and hydrologic processes typical of glacial
systems could compromize the identification of these habitats, particularly in large river environments. Our goal was
to identify and characterize spawning habitat for fall-run chum salmon Oncorhynchus keta and model habitat selection
from spatial distributions of tagged individuals in the Tanana River, Alaska using an approach that combined ground
surveys with remote sensing. Models included braiding, sinuosity, ice-free water surface area (indicating groundwater
influence), and persistent ice-free water (i.e., consistent presence of ice-free water for a 12-year period according to
satellite imagery). Candidate models containing persistent ice-free water were selected as most likely, highlighting
the utility of remote sensing for monitoring and identifying salmon habitat in remote areas. A combination of ground
and remote surveys revealed spatial and temporal thermal characteristics of these habitats that could have strong
biological implications. Persistent ice-free sites identified using synthetic aperture radar appear to serve as core
areas for spawning fall chum salmon, and the importance of stability through time suggests a legacy of successful
reproductive effort for this homing species. These features would not be captured with a one-visit traditional survey
but rather required remote-sensing monitoring of the sites through time.
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Conducting a habitat study of a species at the extremes of their
range can simplify identification of limiting factors; a single
environmental condition could be constraining range expansion
of the species (Stearns 1977). For example, at northern limits of
a species’ range, the fundamental habitat requirement and limit-
ing factor may be as simple as liquid water due to severe winter
conditions (e.g., freezing, frazil ice, or subzero temperatures).
However, this simplification can be compromised by variability
in that limiting factor; small changes in environmental con-
ditions could have dramatic consequences. Changing weather
conditions from year-to-year, for example, could result in high
temporal variability in the presence of liquid water for over-
wintering fish. Incorporation of long-term data, however, could
allow researchers to understand what is ‘average’ for a particular
location and permit detection of long-term trends.

Pacific salmon are anadromous, returning to their natal site to
spawn, honing in on hydrological features such as water odor,
depth, and velocity, gravel composition, and the presence of
cover (Salo 1991). The homing nature of salmon is such that
their present distribution and habitat use not only reflect the
suitability of habitat at the time of observation, but also the
suitability of those areas in years past. The presence of suitable
temperatures for egg incubation and juvenile rearing is probably
very important, particularly in the northern limits of their range
in Alaska. However, the dynamic nature of the Arctic and sub-
Arctic environments of Alaska (Milner et al. 1995) highlights
the importance of understanding temporal variation in physical
processes determining the distribution of salmon species. It is
unfortunate, then, that long-term data sets for this region are
generally unavailable.

The Yukon River drainage in Alaska possesses two geneti-
cally distinct life history forms of chum salmon Oncorhynchus
keta, summer and fall runs (Seeb and Crane 1999). This species
matures and returns to the freshwater environment between
ages 3 and 6, and fry emerge and migrate to the ocean in
spring during ice-out (Quinn 2005). Fall-run chum salmon be-
gin their spawning migration and enter the Yukon River from
late June through early September and spawn in main-stem
habitats (Barton 1992). Peak spawning is from mid-October to
mid-November, coinciding with decreasing, silty glacial run-off
(silt can be detrimental to the survival of salmon eggs; Hausle
and Coble 1976; Lapointe et al. 2004; Levasseur et al. 2006) and
increased water clarity (Osterkamp 1975). However, late spawn-
ing leads to a narrow time window for egg incubation and larval
growth prior to spring smolt outmigration. In the northernmost
(Arctic and sub-Arctic) regions, areas of upwelling water may
offset this disadvantage. Areas with upwelling groundwater or
hyporheic exchange provide warmer and more consistent water
temperatures for winter incubation and protection from freezing
(Reynolds 1997; Fausch et al. 2002; Quinn 2005). A number of
studies in other parts of their range have documented the selec-
tion of upwelling water for spawning salmon (Reynolds 1997;
Geist and Dauble 1998; Baxter and Hauer 2000; Geist et al.
2002).

The goal of our study was to identify and characterize spawn-
ing habitat for fall chum salmon and model habitat selection in
the main-stem Tanana River, a tributary of the Yukon River at
the northern extent of the chum salmon’s range, where subzero
temperatures and winter conditions are extended and severe.
We characterized habitat along an extensive reach of the Tanana
River, with particular note of areas of ice-free water during
winter, which indicated the presence of groundwater. Given the
importance of a legacy of spawning success for this homing
species, we also characterized the temporal consistency of these
ice-free areas using remotely sensed data collected over the last
decade. Finally, to determine the relative importance of ground-
water influence on spawning-female reach selection, we related
numbers of spawning females to reach characteristics, includ-
ing the presence of ice-free areas (indicating strong groundwater
influence), the permanence of those areas (consistent presence
from year to year), and other habitat features that may also play
a role in spawning-female habitat selection. Given the poten-
tial importance of groundwater-influenced areas (i.e., ice-free)
for spawning chum salmon, we collected data to characterize
both spatial (through remote-sensing techniques) and temporal
(through on-site temperature loggers) thermal characteristics of
ice-free areas that persisted over our period of investigation.
We anticipated that this approach would demonstrate potential
for integrating remote sensing technologies and in-stream data
collection for future studies to better elucidate critical habitat
characteristics for a commercially and culturally important fish
species.

METHODS

Study area.—This study took place in the Tanana River, a
large, free-flowing, glacially fed tributary of the Yukon River
(Figure 1). This is the largest tributary of the Yukon River, flow-
ing 700 km northwest through a broad alluvial valley, draining
an area of 155,250 km?. Heavily silted and braided, the Tanana
River poses challenges for monitoring and identifying spawn-
ing fish and spawning areas. Turbid waters interfere with vi-
sual identification of spawning congregations, and the habitat
complexity of a large but braided channel can also compli-
cate standard riverine habitat assessments designed for small
to medium streams (e.g., Thomson et al. 2001). Runs of fall
chum salmon return to the Tanana River and support important
subsistence, personal use, and commercial fisheries. However,
in recent years, fall chum salmon runs returning to the Yukon
River and, consequently, the Tanana River, have been in decline
(Borba et al. 2009).

Prior to our study, the only rivers regularly monitored for
chum salmon escapements (after the subsidence of glacial wa-
ters) were the Toklat (average escapement, 31,000) and Delta
(14,000) rivers, tributaries to the Tanana River (Bue et al. 2004).
Prior to this study, it was unknown but suspected that chum
salmon spawned in the main-stem river, which is the focus of
our study. Our study area, located between Fairbanks and Big
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FIGURE 1. Main-stem Tanana River study area between Fairbanks and Big Delta, Alaska. Numbers indicate locations of retrieved surface temperature data

loggers.

Delta, Alaska (Figure 1), was 160 river kilometers in length and
subdivided into 16 study reaches, each approximately 10 km
long (reach length range: 9.4—12.1 km; Table 1). In establishing
reaches we took into account smaller tributaries that empty into
the Tanana River such that a tributary did not enter in the middle
of a reach; this lead to variability in reach length.
Radiotelemetry data.—Adult female fall chum salmon (N =
328) were captured with fish wheels upstream of the Kantishna
River on the north bank of the Tanana River from 16 August
through 30 September 2008 (Yukon River mile 793), between
the communities of Manley and Old Minto. Fish were tagged
with an internal pulse-coded radio transmitter manufactured by
Advanced Telemetry Systems, Inc. (ATS 2008). Transmitters
weighed approximately 20 g, were 5.4 cm long and 2.0 cm
in diameter, and had a 30-cm transmitting antenna. Surveys
to track fish movement were conducted by air at least twice

weekly beginning 2 weeks after initial tag deployment until late
December.

Satellite imagery.—Multiple, complementary imagery data
sets were used to provide the most accurate and extensive im-
agery (both in space and through time) possible for the study site
and to verify findings and methodology. The RADARSAT-1 im-
ages acquired by the Alaska Satellite Facility (ASF) were used
to determine persistence of ice-free water. Synthetic aperture
radar (SAR) satellites, like RADARSAT-1, image by transmit-
ting electromagnetic signals towards the earth’s surface and then
receiving the portion of electromagnetic signal that is backscat-
tered towards the satellite. The signal has the capability to pen-
etrate cloud cover, allowing for data collection irrespective of
weather (Cumming and Wong 2005), a useful feature for the
Alaska environment. The images were collected from the C-
band (5.7-cm wavelength) and were taken from the fine beam
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TABLE 1. Habitat characteristics and lengths of the 16 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.

Ice-free surface area

Persistent ice-free Total number of

Reach number  Length (km)  Sinuosity  Braiding (km?) water spawners
1 94 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

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 due to their higher spa-
tial resolution but did not give complete coverage of the study
area, resulting in the need to use standard-beam images for the
southern reaches. Fine-beam data were collected in March 1996,
February 2005, and March 2008, corresponding to late winter
when discharge in the river is groundwater-based. 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 ice-free
areas for these 3 years identified spatially persistent ice-free
areas. To further confirm their persistence through time, addi-
tional years of imagery were analyzed (standard beam images
for March 1997, 2000-2003, 2005, 2006, and 2008). Yearly ob-
servations during the time frame were not available, and these
years were selected because they contained the most complete
coverage of the study area during late winter (March; Table 2).

Interpretation of SAR images is not immediately intuitive
due to the side-looking SAR geometry and the complex inter-
action of the SAR signal with the target. The intensity of a SAR
pixel represents the amount of signal backscattered from the
target area (Gens 2009). Among several factors that control the
backscatter, two important factors are the amount of moisture
(that, in turn, controls the dielectric property) and surface tex-
ture 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 or ice particles (Fung and Ulaby 1983; Simonett
and Davis 1983). The presence of still or slowly flowing wa-
ter (without surface turbulence) enhances contrast in the radar

signal because it acts as a specular reflector with a low backscat-
ter signal (Pietroniro et al. 2005). Ice-free areas of liquid water
surrounded by snow and ice appeared dark, whereas the sur-
rounding snow and ice provided a bright signal on the image.
The effect of surface roughness of the ice-free areas in the radar
return was negligible.

Images from the advanced visible and near infrared radiome-
ter type 2 (AVNIR-2) onboard the advanced land observation
satellite (ALOS) were used as base imagery to identify final
spawning location and to calculate the ice-free water surface area

TABLE 2. Synthetic aperture radar (SAR) images used to identify ice-free
areas in the Tanana River.

Acquisition

Granule identifcation Beam mode date

R1_.01952_FN1_F162 Fine beam Mar 20, 1996
R1_.01952_FN1_F161 Fine beam Mar 20, 1996
R1.06897_ST6_F160 Standard beam 6 Mar 01, 1997
R1.22675_ST6_F160 Standard beam 6 Mar 09, 2000
R1.27877_ST3_F161 Standard beam 3 Mar 08, 2001
R1_.33022_ST3_F161 Standard beam 3 Mar 03, 2002
R1_38224_ST1_F161 Standard beam 1 Mar 02, 2003
R1_48600_FN1_F162 Fine beam Feb 25, 2005
R1.48600_FN1_F161 Fine beam Mar 25, 2005
R1.48722_ST1_F290 Standard beam 1 Mar 05, 2005
R1.53981_ST7_F290 Standard beam 7 Mar 08, 2006
R1.64435_ST2_F160 Standard beam 2 Mar 09, 2008
R1_64457_FN1_F289 Fine beam Mar 10, 2008
R1.64457_FN1_F288 Fine beam Mar 10, 2008
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FIGURE 2. Image of the Tanana River illustrating an easily identifiable water signature in September 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.

in 2009. The AVNIR-2 sensor acquires four bandwidths, three
visible bands (0.42-0.50 pm, 0.52-0.60 pwm, 0.61-0.69 pum)
and one near-infrared band (0.76-0.89 um) with 10-m spatial
resolutions. The images were acquired in March 2009, and all
had 30% or less cloud cover.

Total river surface area, prior to river freeze-up, was cal-
culated by manually digitizing the limits of the water body in
ArcGIS (ESRI 2007) on the SAR images acquired from the
standard beam mode via a 12.5-m spatial resolution collected
on September 30, 2007 (Figure 2). The same SAR images were
used to calculate river-braiding index and sinuosity, described
below. The AVNIR-2 images of March 2009 (after river freeze-
up and during base flow winter conditions; U.S. Geological Sur-
vey [USGS] Water Resources Data, Nenana, Alaska; Figure 2)
were used for baseline calculations of percent ice-free surface
area per reach and to categorize final spawning locations.

Several preprocessing steps were necessary to convert the
SAR images from their original data format to a geocoded prod-
uct 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

preprocessing step allowed for multi-temporal images to be
stacked together in a geographic information system (GIS) for
analysis. Ice-free areas were hand-digitized using ArcGIS for
all years for which SAR images were available (Figure 3). Once
digitizing was complete, layers for the different years were
stacked and analyzed for assessing persistence in the occur-
rence and extent of these areas from year to year. A reach with
a persistent ice-free area for each image analyzed was given a
value of (1); otherwize, the reach was classified as nonpersistent
and given a value of (0). Persistent ice-free areas did not always
have the same extent because cold severity affects the degree of
ice cover; however, the centroid and overall shape of persistent
ice-free areas remained consistent (Figure 4), whereas nonper-
sistent areas had no overlap from year to year (Figure 3).

Ice-free water classification results for AVNIR-2 imagery
give an overall accuracy of 86.2% (Table 3). Unique areas of
long-term persistence were identified from the time-series anal-
ysis using SAR imagery.

Braiding index and sinuosity.—The braiding index (B) was
calculated by the sum of the mid-channel lengths (L) of all the
segments of primary channels in a reach and the mid-channel
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TABLE 3. Accuracy assessment for ice-free (IF) and frozen (FR) classifica-
tions of AVNIR-2 imagery.

Reference

(ground) data

Classified data IF FR Total User’s
accuracy (%)

IF 5 1 6 83.3

FR 3 20 23 87.0

Total pixels 8 21 29

Producer’s 62.5 95.2 86.2

accuracy (%)

length (Lcmayx) of the widest channel through the reach (Friend
and Sinha 1993): B = L¢iot/Lemax-

Sinuosity (P) was calculated by L.max and the overall length
of the channel (Lg), measured along a straight line (Friend and
Sinha 1993): P = Lemax/Lg. Ice-free water surface area (km?)
was calculated from AVNIR-2 images from March 2009 by
manually digitizing the extents of the water body in ArcGIS
(ESRI 2007).

Thermal information.—The optical and SAR imagery pro-
vided information to delineate ice-free bodies but did not provide
remotely sensed information on water temperatures. Therefore,
to address the likely mechanism for that ice-free or the ex-
tent of groundwater influence, temperature data loggers were
used to characterize water temperatures within areas of ice-
free and frozen water. Surface water temperature measurements
were collected using HOBO Pro (version 2) water temperature
data loggers (Onset 2008) that were deployed in October and
November 2008 and continually collected data until retrieval
in April 2009. Loggers were placed in eight ice-free locations
and 15 frozen locations prior to river freeze-up. These locations
were chosen based on visual ice mapping during November—
December 2007. Two data loggers were deployed in each ice-
free area, one at the upstream end and one at the downstream
end. One logger was deployed at each of the frozen water loca-
tions.

To obtain quantitative estimates on the water temperatures
and gain further insight into the characteristics of areas of
groundwater influence, we used Forward-Looking Infrared Ra-
diometer (FLIR) images. In November 2009, FLIR images were
collected to describe temperature patterns for selected ice-free
areas. The FLIR sensor acquires surface temperature values in
a single 7.5-13-um broadband spectral range. A ThermoVision
A320G (FLIR 2009) sensor with a 24° lens was used to capture
images at a rate of 30 images/s. 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 for
automated corrections of the recorded thermal data. The FLIR
software uses an inversion of Planck’s function to convert spec-
tral radiance to radiant temperature values. We used a uniform

emissivity value of 0.90 during image collection. Most natu-
ral substances have emissivity values of 0.80-0.97 (Lillesand
et al. 2008), and taking a uniform emissivity did not influence
the spatial thermal patterns we obtained. The FLIR images col-
lected for specific ice-free sites were loaded into FLIR-builder
software that automatically stitched images together. The im-
ages were then geo-referenced via ERDAS Imagine software
(Leica Geosystems 2008) using the ALOS AVNIR-2 image from
March 2009 as the base image for spatial reference.

Habitat modeling and characterization.—We determined fi-
nal spawning locations from female fall chum salmon through
having at least three telemetry points within a single reach within
1 month of each other. This timeframe was chosen to account
for time spent by the female searching for a nest site, digging a
redd, spawning, and territorial defense. Tagged individuals that
traveled through the study area and showed no site fidelity were
not included in analysis. The ALOS -AVNIR-2 images acquired
in March 2009 were combined with telemetry data to determine
final spawning location.

Using negative binomial regression, we constructed a model
of habitat use at the reach scale. 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 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,
sinuosity, ice-free water surface area (determined from 2009
AVNIR-2 images), and persistent ice-free water (determined
from SAR images).

We used the information-theoretic approach, and model se-
lection 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 covariance by using
Pearson’s product-moment correlation coefficient (variables ex-
cluded from the same model if R > 0.60). Persistent ice-free
water (hereafter, persistence) covaried significantly with both
braiding and ice-free-water surface area (R = 0.72), preventing
a test of a global model; we instead tested alternative candi-
date models. Candidate models included sinuosity, braiding,
and ice-free-water surface area; braiding and ice-free-water sur-
face area; persistence; and persistence and sinuosity. Without
overwhelming evidence for a single best model, we performed
model-averaging using Akaike weights (following Burnham and
Anderson 2002).

RESULTS

Chum salmon spawned in reaches that not only contained
the greatest areas of ice-free water, but also ice-free water that
was persistent over the years monitored. Without overwhelm-
ing evidence for a single candidate model of the final spawning
reach for fall chum salmon (Table 4), we developed an averaged
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TABLE 4. Candidate models of final spawning location for fall chum salmon with intercept and 95% confidence interval in parentheses, R%, and corrected
Akaike information criterion (AIC,.) values calculated from a negative binomial regression analyses. Also shown is the AIC, difference (A) between candidate
models used to calculate weights for model averaging. Due to covariance between ice-free persistence and ice-free area, we were unable to construct a global

model.

Variable
Model P (sinuosity) B (braiding) Ice-free area Persistence R> AIC, 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, Ice-free area 0.13(—0.51,0.77) 1.62(0.019, 3.22) 0.33 76.45 8.29
P, B, Ice-free area 1.36,(—2.55,5.27) 0.06 (—0.59, 0.72) 1.66 (0.021, 3.31) 0.34 78.36 10.20

model of the most plausible models for predicting number of
spawning fall chum salmon. It included sinuosity (parameter es-
timate = 3.06, 95% CI = 1.14-8.10) and persistence (parameter
estimate = 1.36, 95% CI = 0.85-2.17). This averaged model
had sizably greater correspondence with spawning counts than
the most plausible model that included ice-free-water area (R =
0.57 versus R = 0.33).

Temperature data loggers were retrieved from 14 of 23 lo-
cations in April 2009 (Figure 1). Loggers were retrieved from
six locations thought to be frozen based on visual aerial sur-
veys conducted in 2007; however, upon retrieval, locations 1, 2,
and 12 were ice-free, and sites 3, 4, and 6 had dried and were
completely free of ice (Appendix). The most consistent temper-
atures through the winter season (adequate for egg incubation)
were in location 14, a persistent ice-free site (mean = 4.78°C,
range = 3.99-5.8°C). Inconclusive results due to logger loss
and drying led us to investigate the thermal characteristics of
ice-free locations from the FLIR images.

These images were collected from persistent ice-free areas
(spanning 1996-2008) to obtain spatially continuous thermal
characteristics on a larger, more continuous scale. These im-
ages illustrated the thermal heterogeneity of upwelling wa-
ter areas and the extent of groundwater thermal influence on
surface waters. For corroboration, we compared surface tem-
perature 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 sur-
face water (1.0°C; Figure 5). A second ice-free area near
Bluff Cabin Slough also showed warmer groundwater enter-
ing the system. This site contains extensive thermal spatial
heterogeneity with strong input of warmer water, presumably
from groundwater influx (Figure 6). Two surface water tem-
perature data loggers were retrieved from location 9, which
was about 600 m upstream from FLIR image acquisition in
the third persistent upwelling site. Both data loggers showed
highly variable temperatures, means remaining just above
0.0°C, which suggests limited influence of groundwater in this
location.

DISCUSSION

Our observations suggest that spawning chum salmon exhibit
strong association with reaches characterized by an increased
availability of liquid water in late winter, and the most likely
models included information on the spatial and temporal persis-
tence of these habitats, likely driven by groundwater processes.
These results suggest that females selected reaches for not only
the presence of upwelling water, but also for the stability of
groundwater influx. Given that spawning habitat selection is a
shorter-term process than groundwater stability over years or
decades, this may reflect past reproductive success of previous
generations and homing behavior of following generations to
reaches with consistent groundwater influences. Alternatively,
it could imply that deep groundwater has a different chemical
signature that fall chum salmon have evolved to detect and se-
lect over areas with groundwater of more shallow and ephemeral
origin.

Collection of microhabitat variables for fall chum salmon
spawning habitat (e.g., substrate, depth, and velocity) were at-
tempted but unsuccessful due to the dynamic, remote, and lo-
gistically challenging nature of a large, glacial river and the
season (late fall) that fall chum salmon occupied the habitat.
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. This led to further examination of tem-
perature patterns within and between upwelling locations using
FLIR imagery. Forward-looking infrared images showed exten-
sive thermal heterogeneity within areas influenced by ground-
water, but the degree of upwelling influx varied among ice-free
locations.

Identifying areas with strong groundwater inputs and com-
plex thermal heterogeneity with FLIR imagery allows for the
identification of areas containing a suitable thermal environment
for egg incubation and may assist in identification of the first-
order control on spawning habitat selection if information on
persistent ice-free water is not available. In a concurrent study,
the USGS assessed the thermal characteristics of locations in
the Tanana River within the area covered by FLIR images.
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145°50'30"W

FIGURE 5. Forward-looking infrared (FLIR) image of a fall chum salmon spawning habitat area in the Tanana River near Rika’s Roadhouse, showing warm
groundwater influx (yellow shaded area) compared with the cooler surface water (pink shaded area). The arrow is flow direction, and the enclosed circle indicates
location of surface temperature data logger retrieved from location 14. The inset is showing the AVNIR-2 image used for georeferencing, and in which the

white-line box shows the boundaries of the FLIR image. [Figure available in color online.]

Examining the intergravel and surface water temperature sufficient accumulated thermal units (an accumulated effect
characteristics of upwelling habitats, their upwelling habitat of temperature over time) for complete egg incubation and fry
locations 9 and 10 had a higher vertical hydraulic gradient emergence (Figure 6; Table 5; Burril et al. 2010). Surface water
and contained stable intergravel temperatures, which provided temperatures directly in an area of groundwater input were

TABLE 5. List of locations monitored by USGS scientists, reporting vertical hydraulic gradient (VHG), type of logger used, minimum—maximum range,
and mean temperatures and accumulated thermal units (ATU) for each site (from Burril and Zimmerman 2010). No temperature data could be retrieved from

location 5.
Temperature (°C)

USGS reach location number VHG (cm) Data logger Range Mean ATU

5 0.2

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

10 1.0 Surface 0.0 4.0 1.0 158
40cm 1 5.0 54 52 779
40cm 2 4.7 52 5.0 749
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FIGURE 6. Forward-looking infrared (FLIR) image of the Tanana River near Bluff Cabin Slough, displaying spatial thermal heterogeneity of upwelling
groundwater influx and the location of Burril’s et al. (2010) U.S. Geological Survey sites 9 and 10, which provided corroborating information. The arrow is flow
direction The inset is the AVNIR-2 image used for georeferencing within which the white-line box shows the boundaries of the FLIR image. [Figure available in
color online.]
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stable and similar to intergravel temperatures. Surface water
temperatures not directly in an area of groundwater influx,
but in close proximity, varied significantly, though intergravel
temperatures remained stable. These data illustrate the utility
of integrating remote sensing and in-stream data collection to
identify critical habitat for spawning fall chum salmon and
to investigate the role of the abiotic environment in habitat
selection. This would only apply to areas of the river with suffi-
cient mixing and turbulence to permit groundwater-influenced
waters to thermally mix with surface waters.

It has been argued that traditional habitat assessment methods
employed in a stochastic (snapshot) manner only examine small
spatial and temporal phenomena and fail to capture important
ecological and physical processes important to fish productiv-
ity (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
infeasible, necessitating the acquisition of remotely sensed data.
Recent advancements in technology have allowed for the use
of optical remote sensing of in-stream habitat features impor-
tant for juvenile salmon at intermediate scales (Carbonneau
et al. 2005a; Carbonneau et al. 2005b; Carbonneau et al. 2006;
Smikrud and Prakash 2006; Marcus and Fonstad 2008; Smikrud
et al. 2008; Woll et al. 2011). However, in the arctic regions,
high solar incidence angles due to the high latitude and frequent
cloud cover are common problems. The use of SAR imagery
circumvented these problems and allowed for the identification
of persistent ice-free habitats important in the two most likely
models. However, it was also crucial to include optical data
with greater spectral contrast (when available for our study loca-
tion) to verify and substantiate our visual interpretation of SAR
imagery.

The strong selection of spatially and temporally persistent
ice-free areas identifies the role of both the presence and tem-
poral stability of this critical habitat for this species. Ephemeral
ice-free areas in the main-stem Tanana River are probably dom-
inated by hyporheic flow with smaller, less stable groundwater
input. The hyporheic zone where surface water and ground-
water interact to influence ecological processes in rivers and
streams (Boulton et al. 1998) is controlled by geomorphol-
ogy (Poole et al. 2006) and can have a strong influence on
riverine landscapes (Wiens 2002). Geomorphology and com-
plex patterns of hyporheic exchange and upwelling are impor-
tant 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).

Now that the surface water and groundwater interaction has
been identified in critical habitat areas, the next step is to con-
duct in-stream analysis to identify water chemistry character-
istics within and between upwelling areas. It would be illus-

trative to connect the characteristics of groundwater directly to
reproductive success via direct investigation of chum salmon
redds. Generally, groundwater may be low in dissolved oxygen
and perhaps detrimental to salmon embryo survival (Sowden
and Power 1985; Malcolm et al. 2004). However, complex hy-
drological patterns with strong upwelling and localized down-
welling 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 lo-
calized downwelling. Additional water chemistry analyses of
complex surface water and groundwater mixing environments,
identified from FLIR imagery, could potentially identify impor-
tant chemical cues that spawning fall chum salmon are using
to home to spawning grounds. These types of studies can help
biologists hone in on localized and important habitats, while
elucidating reach and site-scale variables for salmon and bet-
ter determine physical processes creating and maintaining these
habitats.

Although the highest densities of fish were in persistent ice-
free habitats, many individuals spawned 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 sufficient
upwelling influence to prevent surface freezing. Alternatively,
a lack of ice cover only indicated, but did not directly measure,
the presence of groundwater; however, we are confident that
any unfrozen water prior to spring thaw in March is the result
of groundwater influence, given the severity and length of the
sub-zero temperatures of the Alaska winter. However, the fact
remains that we did not have the means to observe upwelling
phenomena directly at a large spatial extent.

With these caveats in place, we present strong evidence that
spatially and temporally persistent upwelling areas with com-
plex surface water and groundwater interactions provide core
habitats essential for fall chum salmon population productiv-
ity and persistence. Reaches with groundwater influence but
lower stability and influence may alternatively offer reproduc-
tive habitat for straying fish or fish that are competitively ex-
cluded from the core areas. In unstable zones, the continued
presence of spawning chum salmon in consecutive years may
be due to the influx of individuals into potential sinks from
core habitats (Dunning et al. 1992). Further analysis of ground-
water input in nonpersistent upwelling areas is necessary to
better explain fall chum salmon spatial distributions and de-
termine whether they are truly sink habitats. A common prac-
tice 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
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and no peripheral populations are available to recolonize core
areas.

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 chal-
lenging and underrepresented in the ecological literature. Win-
ter 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 po-
tential to alleviate logistical challenges associated with working
outdoors in the arctic environment.

According to current climate change predictions, arctic fresh-
water systems will warm more rapidly than the global average,
particularly during winter (Prowse et al. 2006). A warming cli-
mate 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 al. 2006). Studies using win-
ter stream flow as a proxy for groundwater inputs in the Yukon
River basin are indicating shifts in surface water and groundwa-
ter interactions, with an increase in groundwater contributions
to overall stream flow due to permafrost thawing, increasing
dissolved inorganic carbon and nitrogen (Striegl et al. 2007;
Walvoord and Striegl 2007). It is essential to understand the
current chemistry, particularly oxygen levels, of upwelling ar-
eas important for salmon spawning if warming events cause a
change in groundwater processes and, therefore, the chemical
environment of the river. Our study demonstrates that combining
remote sensing and in-stream evaluations will allow researchers
to create baseline information for monitoring salmon spawning
habitat in areas that may be most vulnerable to climate change
but have received little attention due to inaccessibility and inad-
equate survey methods.
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APPENDIX: DATA LOGGER INFORMATION

TABLE A.l. Basic data for surface temperature data loggers retrieved from the Tanana River in April 2009. Location identification numbers 5, 7, 9, and 13
contained two loggers.

Temperature (°C)

Location number Latitude Longitude Start date Stop date Range Mean
1 64.787 —147.761 Oct 25, 2008 Apr &, 2009 0.02 2.50 0.78
2 64.769 —147.563 Nov 3, 2008 Apr 6, 2009 1.13 6.36 292
3 64.747 —147.438 Nov 3, 2008 Apr 6, 2009 —10.44 2.77 0.84
4 64.686 —147.311 Oct 31, 2008 Apr 8, 2009 —4.90 0.85 —1.20
5 64.677 —147.283 Nov 25, 2008 Apr 6, 2009 —12.31 4.95 —0.22
5 64.677 —147.283 Nov 25, 2008 Apr 6, 2009 —9.44 1.97 0.02
6 64.629 —147.228 Nov 3, 2008 Apr 6, 2009 —8.36 6.97 0.08
7 64.548 —147.066 Nov 25, 2008 Apr 6, 2009 —5.67 2.29 0.82
7 64.548 —147.067 Nov 25, 2008 Apr 6, 2009 -9.37 1.72 0.08
8 64.441 —147.031 Nov 25, 2008 Apr 6, 2009 —4.38 3.14 0.20
9 64.309 —146.828 Nov 25, 2008 Apr 6, 2009 —0.06 3.04 0.79
9 64.309 —146.829 Nov 25, 2008 Apr 6, 2009 —0.12 3.62 0.58

10 64.283 —146.412 Nov 25, 2008 Apr 7, 2009 0.02 0.36 0.05

11 64.249 —146.263 Nov 25, 2008 Apr 9, 2009 0.08 3.85 1.18

12 64.176 —145.888 Nov 3, 2008 Apr 7, 2009 —0.06 3.78 2.24

13 64.156 —145.875 Nov 25, 2008 Apr 7, 2009 —3.72 1.48 0.17

13 64.156 —145.874 Nov 25, 2008 Apr 7, 2009 -9.51 1.51 —1.40

14 64.157 —145.841 Dec 5, 2008 Apr 4, 2009 3.99 5.80 4.78




