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ABSTRACT

A critical challenge for ecologists is to understand

the functional significance of habitat heterogeneity

and connectivity for mobile animals. Here, we ex-

plore how a thermo-regulating fish responds to

annual variation in the spatial patterning of ther-

mal and trophic resources. In a third-order stream

in coastal Alaska, juvenile coho salmon forage on

sockeye salmon eggs at night in cold water and

then move to warmer water to increase their

digestive capacity. We mapped the spatial distri-

butions of water temperature, juvenile coho sal-

mon, and spawning sockeye salmon across a 5-year

period during which summer discharge varied by

greater than fivefold. In low flow years, warm

water (9–12�C) was only available in thalweg (that

is, main-channel) habitat at least approximately

400 m upstream of the cooler habitat (3–7�C)

where sockeye salmon spawned. In high flow

years, the entire stream thalweg was isothermal at

7–8�C, but inundated off-channel areas generated

warm habitats (9–12�C) laterally adjacent to the

downstream regions where sockeye salmon

spawned. The daytime spatial distribution of juve-

nile coho salmon shifted from headwater thalweg

habitats in low flow years, to downstream off-

channel habitats in high flow years. In all years, the

majority of juvenile coho salmon sampled during

the daytime were found in warm habitat units

without sockeye salmon present, yet they exhibited

diet contents comprised virtually entirely of sock-

eye salmon eggs. Thus, thermoregulatory move-

ments by coho salmon were able to track an

annually shifting mosaic of water temperature. Our

results demonstrate how the spatial habitat heter-

ogeneity and connectivity of intact floodplains can

in turn buffer aquatic organisms from high levels of

temporal variation in habitat conditions and re-

source abundance.
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tion; flow pulse; floodplain; resource pulse; spatial

subsidy; behavioral thermoregulation; spatio-tem-
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INTRODUCTION

Stream ecosystems exhibit some of the most dy-

namic habitat conditions found in nature and are

characterized by flow regimes that typically include

large fluctuations in water quantity, expressed

across a range of frequencies and magnitudes (Poff

and others 2007). Temporal variation in stream
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habitat occurs not only in habitat conditions

themselves, but also in the spatial configuration of

habitat types across the landscape, resulting in a

shifting mosaic of habitat patches (Stanford and

others 2005; Whited and others 2007). At annual

to supra-annual time scales, high magnitude flood-

pulses trigger erosion and sedimentation that

reorganize stream-channels and change the spatial

configuration of floodplains (Tockner and others

2000; Stanford and others 2005). At finer time-

scales, streams exhibit lower magnitude flow pulses

that lack the erosive power to reorganize stream

channels, yet may have large effects on the spatial

patterning of habitat. These modest increases in

flow are associated with fluctuating water levels

that interact with floodplain topography to expand

and contract floodplain habitats (Mertes and others

1995; Malard and others 2000; Tockner and others

2000). For example, the aquatic habitat available to

stream organisms during low flows is often domi-

nated by main-channel (that is, thalweg) habitat,

whereas additional off-channel habitats become

episodically flooded and connected to the thalweg

during higher flows (Tockner and others 1997).

Though technological advancements are increasing

our ability to quantify spatial and temporal varia-

tion in lotic habitat conditions (Torgersen and

others 1999; Whited and others 2007; Tonolla and

others 2010) there remains an incomplete under-

standing of the constraints and opportunities that

shifting habitat mosaics generate for mobile

organisms.

Much of the understanding of biological adap-

tation to flow regimes concerns the synchroniza-

tion of life-histories with seasonal flooding events

in large rivers (Junk and others 1989), or refuge-

seeking behavior to survive episodic, extreme flow

events in smaller rivers (Lytle and Poff 2004). Less

is known about how animals respond to the epi-

sodic low-magnitude variations in flow that gen-

erate expansion and contraction of floodplain

habitat in low-order streams. Fluctuating water

levels may change the spatial patterning of trophic

and thermal resources, in turn shaping the spatial

distribution of fish growth potential across the

riverscape (Brett 1971; Brandt and others 1992;

Fausch and others 2002). However, fish move-

ments can selectively integrate across spatio-tem-

poral variation in habitat conditions to exploit

different resources in different locations (Wurtsb-

augh and Neverman 1988; Ruff and others 2011;

Armstrong and others 2013), so the fitness conse-

quences of flow pulses ultimately depend on how

fish behavior interacts with the shifting habitat

mosaic (Rypel and others 2012).

One of the more complex, yet nearly ubiquitous

movement behaviors in dynamic environments is

that of habitat-cycling, where animals move back-

and-forth between alternative habitat patches at

hourly-to-weekly timescales in response to chang-

ing trade-offs in the risks and benefits of alternate

habitats (Narver 1970; Orians and Pearson 1979;

Huey 1991). For example, diel vertical migration

(DVM) is a dominant feature of lentic and marine

ecosystems, occurring in organisms ranging from

plankton to sharks (Gilbert and Hampton 2001;

Campana and others 2011). There is accumulating

evidence that analogous diel horizontal move-

ments (DHM) generate habitat cycling in lotic sys-

tems. For example, roach (Rutilus rutilus) and other

fishes exhibited DHM between off-channel and

thalweg habitats (Hohausova and others 2003),

bull trout (Salvelinus confluentus) exhibited DHM

between deep pools and riffles (Muhlfeld and oth-

ers 2003), and juvenile coho salmon (Oncorhynchus

kisutch)-exhibited DHM across longitudinal tem-

perature gradients in the thalweg (Armstrong and

others 2013). Though diel movements are known

to exploit spatial habitat heterogeneity, there is

little known of how these behaviors change in re-

sponse to temporal shifts in habitat heterogeneity.

Here we explore how spatial patterns of stream

thermal characteristics change with floodplain

expansion and contraction, and how these changes

in habitat configuration affect thermoregulatory

DHM behavior in juvenile coho salmon.

Coho salmon rear in physically heterogeneous

streams, often overlapping with other species of

Pacific salmon (Oncorhynchus spp.) during their

spawning period. In regions of the Pacific Rim

where salmon are still abundant, such as Alaska,

the eggs of spawning salmon comprise a resource

pulse that can provide a critical, high-quality food

source for juvenile coho salmon (Wipfli and others

2003; Armstrong and others 2010). For example,

egg consumption by juvenile coho salmon was

associated with a 59 increase in the total energy

content of their diets (Armstrong and others 2010),

and individual coho salmon and other species ap-

peared to reach the asymptote of their functional

response when gorging on the eggs of other salmon

species (Bentley and others 2012; Armstrong and

others 2013). When food is superabundant, indi-

viduals become limited not by how much food they

can acquire through foraging, but instead how

much they can process through assimilation (that

is, digestion and absorption, Armstrong and

Schindler 2011, Armstrong and others 2013). For

fishes, assimilation rates are strongly mediated by

water temperature (Brett 1971; Elliott and Persson
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1978), so their ability to capitalize on resource

pulses is intrinsically linked to physical habitat

conditions. In many instances, salmonids spawn in

habitat with upwelling groundwater (Lorenz and

Filer 1989; Baxter and Hauer 2000), which exhibits

a stable thermal regime that is much colder than

alternative habitats during the summer salmon

spawning season, but also warmer and less likely to

freeze during winter incubation (Quinn and others

1999). Selection for groundwater-influenced habi-

tat by spawning salmon generates foraging trade-

offs for juvenile coho salmon. Salmon eggs provide

a primary foraging opportunity, yet are most

abundant in cold patches of habitat offering low

digestive capacity. Alternatively, warmer patches of

habitat provide high digestive capacity but little

food (Armstrong and others 2013).

Recent evidence demonstrated that juvenile

coho salmon evade trade-offs between trophic and

thermal resources by exhibiting DHM between cold

habitats with abundant salmon eggs and warm

habitats that offer high digestive capacity (Arm-

strong and others 2013). Individuals exploited

longitudinal gradients in water temperature and

spawning sockeye salmon (O. nerka) abundance by

moving back and forth along the stream thalweg.

Fish moved to cold downstream habitat at night,

gorged on eggs, and then returned to warm up-

stream habitats for periods of 1–3 days, which

corresponded to the time required to assimilate

large meals of salmon eggs (Armstrong and others

2013). These observations derived from a 2-year

study in which stream flows were relatively low

during sockeye salmon spawning.

In coastal Alaska watersheds, populations of

sockeye salmon spawn asynchronously during the

late summer period (July–October, Schindler and

others 2010), which is characterized by episodic

rainfall events that comprise the majority of annual

precipitation. Rain storms trigger flow pulses and

floodplain habitat expansion that may last for days

to weeks. Because single populations of salmon

typically spawn for roughly 1 month or less

(Schindler and others 2010), episodic rainfall

events may change the spatial patterning of habitat

and the associated thermal conditions available to

consumers during the salmon resource pulse. This

should lead to strong inter-annual variation in the

habitat options available to consumers during this

critical foraging opportunity. We explored how

inter-annual variation in stream flows affects the

spatial distribution of water temperature, and the

opportunities for juvenile coho salmon to thermo-

regulate while feeding on sockeye salmon eggs.

Our specific objectives were to (1) monitor how the

spatial patterning of water temperature changed in

the thalweg (longitudinal-axis) and in off-channel

areas (lateral-axis) of a stream across a 5-year

period with inter-annual variation in the magni-

tude and timing of flow events, and (2) explore

how the spatial distribution of coho salmon, an

indication of their post-feeding habitat selection,

changed in response to the changing landscape of

thermal conditions.

METHODS

Study System

This research occurred in the Wood River basin,

which consists of five interconnected lakes that

drain into Bristol Bay in southwest Alaska, USA.

Bear Creek is a 4-km long tributary of Lake Alekn-

agik. The upper 3 km of the stream flows through

beaver-meadow complex habitat, but only one

beaver pond was present during the study period

and was located about 2.2 km upstream. The thal-

weg of Bear Ck. exhibits thermal variation driven by

two groundwater springs located 1360 and 1670 m

upstream from the outflow to Lake Aleknagik (Fig-

ure 1D). Each spring generates a distinct drop in the

thalweg water temperature as cold groundwater

(�4�C) augments the stream flow (Armstrong and

others 2013). The stream width is 1–3 m upstream

of these springs, and 4–12 m downstream. Maxi-

mum pool depth ranges from 30 to 70 cm

throughout the stream. Summer discharge ranges

from approximately 0.2 m3 s-1 at base flows to at

least 3 m3 s-1 following high-magnitude precipita-

tion events. Bear Ck. exhibits both perennial and

ephemeral off-channel habitat. The perennial off-

channel habitats are primarily orthofluvial and

parafluvial spring brooks and spring ponds (sensu

Stanford and others 2005) that are colder than the

thalweg during the summer. Ephemeral off-channel

habitat occurs through two mechanisms: (1) ele-

vated stream flows fill parafluvial flood channels

and generate backwater habitats that persist until

the stream returns to base flows and (2) high lake

levels flood parafluvial and orthofluvial channels in

the lower sections of the stream.

Focal Species

Coho salmon are a small portion of the Wood River

adult salmon returns, but their juveniles can be

numerically dominant in small streams (Armstrong

unpublished data). The juveniles of more numer-

ous species, particularly sockeye salmon, emigrate

from streams and into downstream lakes soon after

emerging from the gravel. Coho salmon rear in

Spatial Distributions of Juvenile Coho Salmon 1431



streams for 1, 2, or 3 years and cannot consume

salmon eggs until they grow to approximately

70 mm fork length (distance from nose to fork of

tail). In Bear Ck., juvenile coho salmon do not

reach this size-threshold until their second year of

life (Armstrong and others 2010). Sockeye salmon

spawn in Bear Creek from late-July to late-August,

primarily in the downstream 800 m of the stream

(hereafter referred to as the ‘‘lower thalweg’’) and

adjacent groundwater springs, which occur as

shallow ponds or brooks (<50 cm depth), ranging

in size from about 20–800 m2. For subsequent

analyses, we define the period of the sockeye sal-

mon resource pulse as July-21 to Aug-21, as this is

the time period when virtually all sockeye salmon

spawning occurs in Bear Ck.

Field Monitoring of Coho Salmon Spatial
Distribution and Foraging Behavior

We monitored the spatial distribution and diet of

age-1 and age-2 coho salmon during the sockeye

salmon subsidy in the years 2007–2011. Pilot sur-

veys revealed that juvenile coho salmon were not

present in riffle habitat, but instead only in pools

and off-channel habitat. Coho salmon are known

to avoid high-velocity habitat (Bisson and others

1988) and the riffles in our focal system have gravel

substrate that is too small to create an adequate

boundary layer to provide velocity refuge. We

conducted surveys of pool and off-channel habitat

during the daytime (1,000–1,800 h), surveying all

habitat in the lower 1,800 m of stream on each

survey. Although electrofishing would have likely

been the most effective method for capturing

juvenile coho salmon, this technique is not per-

mitted in our study system out of concern for

spawning salmon and their embryos. Instead, we

developed a targeted seining method for capturing

fish. A researcher in a dry suit visually surveyed

each habitat unit for the presence of juvenile coho

salmon, through a combination of snorkeling and

aerial survey with polarized glasses. This technique

was highly efficient for detecting fish because the

Figure 1. A Inter-annual

variation in cumulative

precipitation during the

one month period when

sockeye salmon spawn in

Bear Creek and generate

a resource pulse for

juvenile coho salmon

(July-21 to Aug-21).

Accompanying images

depict focal species and

study system: B juvenile

coho salmon, C spawning

sockeye salmon, D aerial

photo of Bear Creek, 1.3–

1.6 km upstream from its

mouth at Lake Aleknagik.

The label ‘‘TW’’ denotes

the stream thalweg (that

is, main-channel), which

flows from left to right;

‘‘GS’’ denotes a large

groundwater spring

network located 1.36 km

upstream.
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stream visibility always exceeded the width and

depth of the habitat units sampled. If fish were

detected in a habitat unit, we blocked the down-

stream end of the unit with a 2.5 9 4 m seine net.

A snorkeler then herded the fish into a school and

flushed them into the net. The snorkeler repeated

this process until no fish remained visible in the

unit. We were always able to capture the vast

majority of fish detected in a habitat unit. To avoid

potential detection bias during high flows, we did

not sample during or immediately after peak flow

events that reduced stream visibility (that is,

flows > 2 m3 s-1)

Captured fish were anesthetized in a 50 ppm

solution of MS-222 (tricane methane sulfonate),

measured to the nearest 1 mm fork length, and

released. A random subset of these fish was sam-

pled for diet by gastric lavage (n � 40 individuals/

survey). The water temperature in each habitat

unit was recorded at the time of sampling. We

conducted two surveys during the sockeye salmon

spawning season in 2007, 2008, and 2011, 3 sur-

veys in 2009, and 5 surveys in 2010.

Quantifying the Spatial Distribution of
Spawning Sockeye Salmon

As part of a long-term monitoring effort (Rogers

and Schindler 2011), the abundance of spawning

sockeye salmon was visually enumerated three

times during each annual spawning event, and

recorded as the total count of live and dead fish per

200 m section of stream across all habitat types. In

all years sockeye salmon were observed to spawn at

high densities in parafluvial spring brooks and

ponds in the lower 800 m of Bear Ck.

Monitoring Inter-annual Variation in
Precipitation, Flow, and Temperature

Precipitation was measured by a rain gauge at the

Alaska Salmon Program’s Lake Nerka field camp

(30 km NNW of Bear Ck.) and recorded daily from

June through September during the years 2003–

2012. Stream flow was monitored using standard

methods (Buchanan and Somers 1969). In brief,

we installed a stage gage (Intech Instruments,

Christchurch, New Zealand) 300 m upstream of the

mouth of Bear Ck. and recorded water height at

1 h time intervals throughout the summer from

2008 to 2011. Approximately every 2 weeks,

stream flow was estimated by measuring the water

velocity at 60% of maximum depth in 0.5 m

increments across the wetted width of the stream

channel. These cross-sectional flow profiles were

used to generate a rating curve between stage and

flow. We estimated the stage of Bear Ck. in 2007 as

a function of the stage in 2 nearby streams using a

multiple linear regression model derived from 2008

data (r2 = 0.94).

To monitor thalweg stream temperature we

placed calibrated i-button temperature loggers

(Dallas Semiconductor, Dallas, Texas, USA) at point

locations representing the three thermally distinct

segments of the thalweg identified by Armstrong

and others (2013). The i-buttons recorded time-

series of temperature at 90-min intervals (±1�C).

We lacked this continuous data for the furthest

upstream region in 2007, so we estimated the

temperature based on the 2007 temperature in the

middle region, using the average ratio of tempera-

tures between the upstream and middle region in

2008 and 2011, years with similar flow regimes to

2007. We measured thermal heterogeneity in off-

channel habitat by recording daytime point mea-

surements of water temperature in the off-channel

habitat units we sampled while surveying juvenile

coho salmon. So that temporal variation in water

temperature did not confound spatial variation, we

interpreted our point measurements of water

temperature as deviations from the average corre-

sponding water temperature recorded continuously

in the downstream thalweg. Thus, each point

measure of temperature characterized the thermal

resources provided by a habitat unit relative to the

thermal resources available where the majority of

sockeye salmon spawn.

We sought to coarsely characterize the quantity

of off-channel habitat available to juvenile coho

salmon as a function of stream flow. We surveyed

off-channel habitat during elevated flows in 2009

(Aug-9, stage = 1.85 m3 s-1), and again at base

flows during 2011 (Aug-4, flow = 0.25 m3 s-1). In

each survey, we walked the lower 2,500 m of Bear

Creek and recorded the water temperature and GPS

location of all off-channel habitats using an

AquaTuff 35200-J fast-response thermometer

(Cooper Atkins, Middlefield, Connecticut, USA)

and a GPS-enabled Trimble Recon handheld com-

puter (Trimble Navigation Limited, Sunnyvale, CA,

USA). Each survey commenced at 1,700 h and was

finished before 1,830 h. We classified off-channel

habitats as warm, neutral, or cold based on a

threshold deviation of ±1�C from the temperature

in the downstream thalweg. To estimate the areas

of off-channel habitats at high flows, we traced the

outline of each off-channel habitat unit on a high

resolution image of Bear Ck. in Google Earth and

used the polygon tool to calculate area. We then

summed the total area belonging to each water

Spatial Distributions of Juvenile Coho Salmon 1433



temperature class. To estimate the total area of each

off-channel habitat class at low flows, we identified

the off-channel habitat units that were dewatered

at the time of the base flow survey, and subtracted

their total areas from the area estimates for the

high flow period. Virtually all of the off-channel

habit units that remained inundated at low flows

were cold spring brooks and spring ponds, which

have relatively steep banks and do not change

substantially in area between high and low flows

periods (Armstrong unpublished data). To estimate

the area of thalweg habitat in each thermal class,

we recorded stream width at 100 m intervals along

the thalweg and considered the stream as a rect-

angle. We assigned each segment of stream to a

thermal class (that is, warm, neutral, cold) based on

a threshold deviation of ±1�C from the tempera-

ture in the downstream thalweg, using the mean

temperature recorded at continuously monitored

sites during the sockeye salmon spawning season.

Data Analysis

We were interested in whether the spatial distribu-

tion of water temperatures and juvenile coho sal-

mon abundance shifted among years with different

flow levels during the sockeye salmon resource

pulse. We considered spatial aspects of Bear Creek in

two dimensions: a longitudinal axis described at a

resolution of 200-m stream sections, and a lateral

axis described categorically as off-channel for ortho-

and parafluvial habitat, and thalweg for main-chan-

nel habitat. For each sampling event, we calculated

the sum of juvenile coho salmon in each spatial bin

of the stream (that is, each longitudinal sec-

tion 9 lateral classification combination).

To quantify thermal conditions associated with

the fish abundance in each bin we calculated the

average thermal deviation of habitat units sampled

within the bin, weighted by the abundance of

juvenile coho salmon in each habitat unit. We

aggregated sampling events by year, calculating the

average count of fish per spatial bin, and the average

thermal deviation in each bin weighted by the

abundance of coho salmon. To compare the spatial

distribution of coho salmon and water temperature

among years, we plotted the average counts of coho

salmon per spatial bin for each year. The corre-

sponding water temperatures were characterized by

adding the average thermal deviation for each spatial

bin to the average daytime temperature in the lower

thalweg. We calculated the average daytime tem-

perature as the average of temperatures recorded

continuously between 1,000 and 1,800 h during the

sockeye spawning season. To characterize water

temperature in the cold off-channel habitats, we

assumed the temperature deviations of these units

were similar in all years to what we measured in

2009 and 2011. This assumption was reasonable

because these habitats were perennial spring brooks

and spring ponds, which are known to exhibit stable

thermal regimes (Quinn and others 1999; Stanford

and others 2005).

To assess habitat selectivity by juvenile coho sal-

mon we compared the relative abundance of juve-

nile coho salmon in different habitat types to the

proportional occurrence of each habitat type in Bear

Creek. We classified habitat by the lateral position on

the floodplain (off-channel vs. thalweg) and the

water temperature relative to that of the down-

stream thalweg (cool, neutral, or warm based on a

threshold deviation of ±1�C). For each sampling

event, we classified each sampled habitat unit based

on these two criteria, summed the total individuals

captured per habitat class, and converted to relative

abundance by dividing the sum of individuals by the

total number of individuals captured during the

sampling event. We then calculated the average

relative abundance per habitat class for each year

using the sampling events within a year as replicates.

RESULTS

Inter-annual Variation in Precipitation
and Water Level

Cumulative summer precipitation (June-13 to

September-8) ranged from 166–562 mm during the

years 2003–2012 (min: 2004, max: 2010), exhibit-

ing an inter-annual coefficient of variation (CV:

standard deviation/mean) of 0.32. During the

portion of the summer when sockeye salmon

spawn in Bear Ck., total precipitation ranged from

50–352 mm (minimum: 2008, maximum: 2010)

with a CV of 0.62 (Figure 1A). The episodic nature

of summer precipitation led to high inter-annual

variation in hydrologic conditions during the

sockeye salmon resource pulse. During the salmon

runs of 2007, 2008, and 2011, the mean stage

(±std. deviation) was 239 ± 46, 225 ± 36, and

250 ± 34 mm, respectively; and the mean flow

(±std. deviation) was 0.30 ± 0.14, 0.27 ± 0.10,

0.33 ± 0.10 m3 s-1, respectively. During the sal-

mon runs of 2009 and 2010, there were several

high magnitude precipitation events, resulting in a

mean stage of 462 ± 96 and 470 ± 177 mm,

respectively, and a mean flow of 1.27 ± 0.60

and 1.46 ± 1.14 m3 s-1, respectively (Figure 2).
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Hereafter we refer to 2007, 2008, and 2011 as dry

years, and 2009 and 2010 as wet years.

Spatial and Temporal Variation in Water
Temperature

The spatial patterning of water temperature in Bear

Ck. was substantially different in the dry and wet

years (Figures 2, 3). During the dry years, there

was a strong longitudinal gradient in thalweg water

temperature as the groundwater springs 1,360 and

1,670 m upstream generated discrete drops in

temperature, in which 9–11�C water flowing out of

beaver–meadow complex habitat was augmented

with cold 3–5�C groundwater to produce a lower

thalweg temperature of 6–7�C (temperatures refer

to 24-h averages during the salmon run). The off-

channel habitat available at low water levels was

comprised almost entirely of spring networks that

exhibited cold temperatures when sampled during

the day (3–7�C) (Figure 2).

In wet years, floodplain habitat expanded as rising

lake and stream levels submerged off-channel areas

that were previously dry, or restored connectivity to

backwater areas that were isolated from the main

channel at lower flows. Flooded backwaters

throughout the lower 1 km of the stream exhibited

warmer temperatures than the adjacent thalweg

(Figure 3), with daytime temperatures up to 5�C
warmer than the adjacent main channel. Although

higher water levels increased the lateral thermal het-

erogeneity across the floodplain, they eliminated

longitudinal heterogeneity along the thalweg (Fig-

ure 3). During the salmon runs of 2009 and 2010, the

average temperaturewas7–8�C throughout the entire

thalweg (Figure 3).

Figure 2. Inter-annual

variation in precipitation,

water level, and thalweg

thermal heterogeneity in

Bear Creek during the

summer. A–E Time series

of precipitation (3-day

totals, points), thalweg

water temperature (daily

averages, red 1,800 m

upstream of stream

mouth, blue �500 m

upstream of stream

mouth), and stage (that

is, water level) (daily

average, shaded polygon)

for the summers from

2007 to 2011. Time (the x

axis in all plots) is

expressed as days after

June-1. Sockeye salmon

spawn from days 51–81

(Jul 21–Aug 21).
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Spatial Distribution of Juvenile Coho
Salmon

In the dry years, coho salmon exhibited strong

selection for the warm waters of the upstream

thalweg; the relative abundance of juvenile coho

salmon in the thalweg of the upstream study

reaches was 76 ± 14% (mean ± std. deviation),

whereas these habitats comprised a smaller fraction

of the total thalweg habitat available (13% by

stream area and 32% by stream length) (Figures 3, 4).

Figure 3. The daytime spatial distribution of A juvenile coho salmon and B spawning sockeye salmon in Bear Ck. during

the sockeye salmon run. Each vertical line represents the stream thalweg for a given year, colored according to the average

daytime (1,000–1,800 h) temperature during the sockeye salmon run. Horizontal lines are drawn at 200 m intervals starting

at 100 m upstream and increasing upwards to 2,100 m. Points on line sized according to the average sum of fish observed

in each 200 m section of stream thalweg (point radius approx. proportional to log10 of fish abundance). Points on the right

and left represent the average sum of fish observed in warm and cold off-channel habitats (resp.) adjacent to each section of

thalweg. The color of dots represents the average daytime temperature recorded at the time of sampling, weighted by the

sum of fish recorded (see ‘‘Methods’’ section). Gray dashed lines and cross-marks denote off-channel areas that were not

available to fish (for example, isolated from main-channel or desiccated).
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In the wet years, the daytime coho salmon

distribution shifted downstream and to warm off-

channel habitat generated by lateral floodplain

expansion (Figures 3, 4). Approximately 80 ± 6%

of individuals occurred in warm off-channel habi-

tats despite these habitats accounting for only 1%

of total habitat area (Figure 4). The off-channel

habitat sections where coho salmon were present

averaged 2.0 ± 0.72�C warmer than the thalweg at

the time of sampling (n = 15).

The distribution of spawning sockeye salmon was

constrained to the downstream thalweg and adja-

cent cold off-channel habitat, except that the up-

stream tail of the distribution extended further up

the thalweg in 2009, coincident with the cooler

water temperatures observed there during high

flows (Figure 3). In all years, spawning sockeye

salmon were never observed in warm habitats

(mean temperature >8�C) (Figure 3), but juvenile

coho salmon captured in warm habitats during the

daytime consistently exhibited sockeye salmon

eggs in their diets. Of coho salmon sampled in

warm upstream thalweg habitat, 51 ± 22%

(mean ± std. dev, n = 3 years) of individuals had

sockeye salmon eggs in their diet contents. Of coho

salmon sampled in warm off-channel habitat dur-

ing the wet years, 89 ± 7% (n = 2 years) had

sockeye salmon eggs in their diets. This indicates

that the post-feeding movements of juvenile coho

salmon were able to track the shifting mosaic of

water temperature as it changed among years in

response to changes in the extent of inundation.

DISCUSSION

Due to variation among years in the timing and

magnitude of summer precipitation, hydrology in

Bear Ck. exhibited strong inter-annual variation

during the mid-July to mid-August period when

sockeye salmon spawn (Figures 1, 2). The spatial

patterning of water temperature across the flood-

plain shifted substantially among years in response

to high and low flows, but the range of tempera-

tures available to fish across the riverscape re-

mained relatively constant among years, with daily

mean temperatures ranging about 4–12�C across

space (Figure 3). The warmest temperatures (9–

12�C) occurred in upstream thalweg habitat during

low flows, but shifted to downstream off-channel

habitat during high flows (Figure 3). The daytime

spatial distribution of juvenile coho salmon also

shifted among years to track the changing distri-

bution of warm-water habitat (Figures 3, 4). Al-

though spawning sockeye salmon never occurred

in warm habitats (Figure 3), the majority of juve-

nile coho salmon residing in warm habitats exhib-

ited sockeye salmon eggs in their diet contents,

reflecting their cyclic horizontal movements be-

tween cold habitats with high foraging potential

and warm habitats that enable substantially higher

rates of assimilation (Armstrong and others 2013).

Thus, coho salmon appear to enhance their energy

intake rates across a range of flow conditions,

exhibiting thermoregulatory movements that track

a shifting mosaic of thermal conditions.

We do not know how the growth benefits con-

ferred by behavioral thermoregulation affect the

survival and population productivity of coho sal-

mon. Gorging on salmon eggs provides the majority

of annual energy intake for many salmonid fishes

in coastal Alaska (Scheuerell and others 2007;

Denton and others 2009; Armstrong and Bond

2013) and the ability of individuals to capitalize on

pulsed salmon subsidies can have strong effects on

their growth (Bentley and others 2012; Armstrong

and others 2013) and nutritional status (Rinella

Figure 4. Changes in habitat selection by juvenile coho

salmon in wet versus dry years during the period when

sockeye salmon spawn. A Dry summers (2007, 2008,

2011). B Wet summers (2009, 2010), left thalweg habi-

tats, right off-channel habitats. Bars show the total area of

different habitat types, classified by their temperature

relative to the cool downstream thalweg area where the

majority of sockeye salmon spawn (mean daily temper-

ature = 6–7�C). Habitats more than ±1�C different than

the downstream thalweg at the time of sampling were

classified as warm (8–12�C) and cold (3–5�C). Points show

relative abundance of juvenile coho salmon in each

habitat type, calculated as the percent of the total num-

ber of fish observed. Error bars show ±1 SE.
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et al. 2012). Many studies have shown a positive

relationship between autumn body size and sub-

sequent survival in juvenile coho salmon (Holtby

and others 1990; Quinn and Peterson 1996). Thus,

although empirical relationships between growth

and survival have yet to be resolved in our study

system, it is reasonable to assume that thermoreg-

ulatory movements allow juvenile coho salmon to

increase not only their growth rates, but also sur-

vival at subsequent life stages.

Although this study explored the effects of flow

pulses on riverscape patterns of water temperature,

flow pulses affect the patterning of other habitat

attributes as well, particularly velocity. In Bear Ck.,

high flow events generated low-velocity habitat in

off-channel areas and increased velocity in the

stream thalweg. Juvenile coho salmon are known

to prefer low velocity habitat (Bisson and others

1988), so it is likely that the use of off-channel

habitat in wet years was partially due to avoidance

of higher velocities in the main-channel. However,

94% of the coho salmon found in off-channel

habitats occurred in the 8% of off-channel habitats

that were warmer than the stream thalweg. Thus,

when controlling for water velocity, there is still

strong evidence that juvenile coho salmon selected

the warmest habitats in Bear Ck.

It is well known that fish can regulate their en-

ergy budgets by exploiting thermal heterogeneity

in the environment, whether seeking cooler refuge

habitat that reduces thermal stress (Glodek 1978;

Torgersen and others 1999; Breau and others 2011)

or as in this study, moving to warmer habitat that

accelerates metabolism and increases physiological

performance (Wurtsbaugh and Neverman 1988;

Armstrong and others 2013). However, studies of

behavioral thermoregulation rarely account for the

potential of spatial patterns in water temperature to

change through time, despite the highly dynamic

nature of most ecosystems. Our study provides one

of the first examples of how thermoregulatory

behavior (or cyclic movement in general) responds

to inter-annual variation in the spatial configura-

tion of habitat. Interestingly, the feeding forays of

juvenile coho salmon were able to couple foraging

and assimilation habitat across a range of spatial

scales. In dry years, juvenile coho salmon were

found assimilating salmon eggs in warm thalweg

habitats at least 400 m upstream of where salmon

spawn, whereas in wet years, they were found in

warm off-channel habitats, typically less than 30 m

from spawning sockeye salmon. Thus, feeding for-

ays by coho salmon may range from less than

100 m to greater than 1,000 m round trip

depending on the scale of the trade-off between

trophic and thermal resources. We hope that our

results encourage further study of how behaviors

that exploit spatial heterogeneity respond to tem-

poral shifts in the habitat mosaic, which in turn

alter the spatial characteristics of ecological trade-

offs.

The ability of fish to exploit a diversity of thermal

‘‘options’’ appears critical to their persistence and

productivity in many systems; a key challenge is to

identify and conserve not only the features of

stream ecosystems that generate a heterogeneous

landscape of thermal habitat, but also the processes

that maintain this thermal diversity and enable it to

persist throughout the range of hydrologic condi-

tions that characterize the flow regime of rivers and

streams. It appears the persistence of thermal var-

iation in Bear Ck. is dependent on connectivity

between the thalweg and floodplain, which enables

the expansion of habitats during high flows and

results in a compensatory gain of warm water

habitat that is lost from the thalweg during high

flow events.

It is widely recognized that lotic habitats turn-

over at coarse timescales due to disturbance events

that simultaneously destroy and generate physical

features of the riverscape (Reeves and others 1995).

The Shifting Habitat Mosaic theory (SHM: Stanford

and others 2005) describes how high-magnitude

flood-pulses generate and destroy habitats, such

that the patterning of the floodplain mosaic chan-

ges through time, yet the assemblage of habitat

types remains diverse and relatively stable (Whited

and others 2007). Our results demonstrate that

analogous processes play out at seasonal-to-annual

timescales as well, thereby stabilizing the extent of

high quality habitat options available for fish.

Summer flow pulses in Bear Ck. generally lack the

erosive power to reorganize stream channels, yet

they clearly reorganize the spatial patterns of water

temperature available to fish. Although the pro-

portions of different thermal habitats in Bear Ck.

change somewhat as the floodplain expands and

water residence time decreases in the thalweg, the

scope of water temperatures available to fish per-

sisted across flow levels ranging from base flows

(0.1 m3 s-1) to flood conditions (>3 m3 s-1).

Thus, the foundation of the SHM, derived from

flood pulses in mid-sized rivers, appear to underlie

the stability of thermal habitat in low order streams

subject to episodic flow events.

This study adds to others that demonstrate the

complex ways by which animal behavior integrates

across spatio-temporal variation in habitat condi-

tions (Huey 1991; Fryxell and others 2005; Ruff

and others 2011). Juvenile coho salmon in Bear
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Ck. exhibit cyclic habitat use between cold and

warm habitats at daily timescales (Armstrong and

others 2013), and showed annual variation in the

location and type of warm post-feeding habitat that

they selected (Figure 2). The complex interactions

between coho salmon and their environment

emphasize the challenges that conservation efforts

face in defining which habitats are critical for the

persistence and productivity of species. Despite the

ubiquity of diel habitat cycling in birds (Orians and

Pearson 1979), reptiles (Huey 1991), and aquatic

organisms in lentic and marine systems (Narver

1970; Campana and others 2011), habitat cycling

has received extremely little study in streams. If

sampling efforts are biased toward one portion of

the habitat cycle, for example daytime sampling of

fish that exhibit nighttime feeding forays (Muhlfeld

and others 2003; Armstrong and others 2013), then

essential components of a fish’s habitat assemblage

may be excluded from critical habitat definitions.

Further, although it is recognized that critical

habitat varies seasonally (Junk and others 1989;

Nickelson and others 1992; Wigington and others

2006), much less is known about annual variation.

Our results showed that the critical thermal re-

sources for juvenile coho salmon occurred in dif-

ferent habitats depending on flow conditions,

which exhibited high levels of inter-annual varia-

tion. The dry years (2007, 2008, 2011) of our study

demonstrated the importance of headwater bea-

ver–meadow complex habitat, whereas the wet

years (2009, 2010) demonstrated the importance of

ephemeral off-channel habitat. Detecting annual or

supra-annual variation in critical habitat may re-

quire long time-scales due to the temporal auto-

correlation of many climate patterns (Mantua and

Hare 2002). For example, the critical river basins

for production of Bristol Bay sockeye salmon ap-

pear to change in concert with the Pacific Decadal

Oscillation (Hilborn and others 2003), but detecting

these results required nearly half a century of

highly accurate monitoring. In reality, many con-

servation efforts lack the resources to understand

how animal behavior interacts with spatio-tempo-

ral variation in habitat conditions, and how habitat

conditions change across years and decades. How-

ever, there remains a tangible approach for con-

serving species in the face of these uncertainties.

Maintaining the processes that generate and

maintain habitat heterogeneity ensures that ani-

mals continue to have the portfolio of habitat op-

tions that their behaviors and life-histories have

evolved to exploit (Poff and others 2007; Beechie

and others 2010; Schindler and others 2010). In

stream ecosystems, maintaining variation in flow

regimes and connectivity between thalweg and off-

channel habitats should reduce the risks associated

with current and projected variation in climate.
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