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Stream network geomorphology mediates predicted
vulnerability of anadromous fish habitat to hydrologic
change in southeast Alaska
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Abstract
In rivers supporting Pacific salmon in southeast Alaska, USA, regional trends toward a warmer, wetter climate are
predicted to increase mid- and late-21st-century mean annual flood size by 17% and 28%, respectively. Increased
flood size could alter stream habitats used by Pacific salmon for reproduction, with negative consequences for the
substantial economic, cultural, and ecosystem services these fish provide. We combined field measurements and
model simulations to estimate the potential influence of future flood disturbance on geomorphic processes controlling
the quality and extent of coho, chum, and pink salmon spawning habitat in over 800 southeast Alaska watersheds.
Spawning habitat responses varied widely across watersheds and among salmon species. Little variation among
watersheds in potential spawning habitat change was explained by predicted increases in mean annual flood size.
Watershed response diversity was mediated primarily by topographic controls on stream channel confinement,
reach-scale geomorphic associations with spawning habitat preferences, and complexity in the pace and mode of geomorphic channel responses to altered flood size. Potential spawning habitat loss was highest for coho salmon, which
spawn over a wide range of geomorphic settings, including steeper, confined stream reaches that are more susceptible to streambed scour during high flows. We estimated that 9–10% and 13–16% of the spawning habitat for coho salmon could be lost by the 2040s and 2080s, respectively, with losses occurring primarily in confined, higher-gradient
streams that provide only moderate-quality habitat. Estimated effects were lower for pink and chum salmon, which
primarily spawn in unconfined floodplain streams. Our results illustrate the importance of accounting for valley and
reach-scale geomorphic features in watershed assessments of climate vulnerability, especially in topographically
complex regions. Failure to consider the geomorphic context of stream networks will hamper efforts to understand
and mitigate the vulnerability of anadromous fish habitat to climate-induced hydrologic change.
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Introduction
North Pacific coastal ecosystems are heavily influenced
by Pacific salmon (Wilson & Halupka, 1995; Gende
et al., 2002; Schindler et al., 2003). Salmon migrations
drive nutrient fluxes across freshwater and marine
ecosystem boundaries (Naiman et al., 2002; Moore &
Schindler, 2004), subsidize terrestrial food webs
(Schindler et al., 2013), and their spawning activities
generate significant pulses of stream nutrients (Tiegs
et al., 2011), suspended sediment (Moore et al., 2007),
and bed load transport (Hassan et al., 2008).
In addition to their ecological importance, Pacific salmon support major regional fisheries. In southeast
Alaska, for example, approximately 51 million salmon,
equivalent to roughly 129000 metric tons of fish protein,
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are harvested annually in commercial fisheries (Conrad
& Gray, 2016). Salmon in southeast Alaska also support
recreational, subsistence, and cultural fisheries with a
combined annual economic impact of nearly $1 billion
USD (Clark et al., 2006).
Projections for an increasingly warmer and wetter climate in southeast Alaska during the 21st century have
raised concerns about climate impacts to salmon
ecosystems and the economic, cultural, and ecosystem
services they support (Bryant, 2009; Shanley et al.,
2015). In particular, the combined effects of regional
warming and increased mean annual precipitation are
likely to increase the magnitude of flood disturbance on
salmon ecosystems (Shanley & Albert, 2014).
Flood disturbance could affect salmon populations
through a variety of pathways, but flood dynamics may
be especially impactful during salmon egg incubation
and embryonic development (Montgomery et al., 1996).
Pacific salmon adults typically migrate to freshwater in
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late summer and fall (Kovach et al., 2015), and reproduction occurs in fall and early winter, generally coinciding with the timing of peak annual flood events in
southeast Alaska (Lamke, 1978) (Fig. 1). During reproduction, female salmon excavate gravel nests called
redds in streambed gravels where fertilized eggs are
buried to incubate for a period of several months
(Quinn, 2011). In addition to creating local hydraulics
that improve the flow of nutrients to and waste from
developing embryos, salmon redds provide protection
from potential mortality from entrainment during
scouring flows (DeVries, 2008). Climate-induced
increases in flood magnitude could increase the depth
of streambed scour and could therefore significantly
increase the risk of incubation mortality.
Studies that have examined potential impacts of
increased flows on streambed scour (Battin et al.,
2007; Leppi et al., 2014; Shanley & Albert, 2014) have
often assumed a uniform relationship between flood
magnitudes and the vulnerability of salmon populations and their habitat. However, the geographic
range of Pacific salmon is characterized by exceptional
topographic complexity and watershed dynamism
(Reeves et al., 1995; Benda et al., 1998; Montgomery,
2000), which can generate considerable diversity in
watershed- and stream reach-scale responses of habitat to flood disturbance (Montgomery & MacDonald,
2002; Buffington, 2012). Thus, impacts of increased
flows are unlikely to be similar among watersheds or
even among reaches within stream networks. Previous
research has demonstrated that stream channel
response potential varies according to position within
the dendritic structure of stream networks (Benda
et al., 2004), variation in valley and reach-scale confinement (Montgomery & Buffington, 1997; Coulthard
et al., 2005), and differences among species in their
use of habitats created by this physiographic complexity (Goode et al., 2013).

Understanding the conditions that generate diversity
in watershed responses to climate-induced disturbance
is challenging but will be essential for development of
more accurate assessment and adaptation programs. In
this study, we investigated interactions between projected climate-induced hydrologic change, geomorphic
processes, and the effects on Pacific salmon habitat in
southeast Alaska watersheds. We focused our analyses
on the effects of flood disturbance on spawning habitat
of coho salmon (Oncorhynchus kisutch), pink salmon
(O. gorbuscha), and chum salmon (O. keta), the three salmon species that are most abundant and widely distributed within the region and which have particularly
high ecological and commercial value. We combined
field measurements and model simulations to estimate
contemporary and projected future mean annual flood
magnitudes and their influence on geomorphic processes that control the extent and distribution of Pacific
salmon spawning habitat.

Materials and methods

Study area
Our study area included the Alexander Archipelago and
mainland southeast Alaska, USA, extending from Dixon
Entrance in the south to Yakutat Bay in the north, and bordered on the east by Canada and on the west by the Gulf of
Alaska (Fig. 2). The area covers 91 000 km2 and is characterized by large variations in topography (elevation 0 to
>2000 m), water sources (ground water, rain, snow, and glacial melt), and stream types (low-gradient floodplains to steeper, more confined channels), and stream size. The climate is
maritime, resulting from the moderating influence of the Pacific Ocean. Temperatures range from 7 to 18 °C in the summer,
and (7) 7 °C in the winter. During the warmer months,
temperatures are highest inland and lowest along the coasts,
and in the colder months, this pattern is reversed. Annual precipitation averages 2.5 m and is highest in the southern areas

Fig. 1 Timing of spawning, egg and alevin development, and juvenile emergence for coho, chum, and pink salmon relative to the
occurrence of peak flood events in southeast Alaska. Flood frequency data are from Lamke (1978).
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620
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and decreases moving north. At higher elevations, more than
5.1 m of snow may fall annually, perpetuating existing ice
fields and glaciers. Storms and moderate-to-heavy precipitation occur year-round, but most commonly from September
through November. The abundant precipitation feeds numerous salmon-supporting streams, rivers, and lakes.
Land ownership in southeast Alaska is dominated by the
United States Forest Service (USFS). Tongass National Forest
(TNF) covers 69 000 km2, 76% of the land mass in southeast
Alaska, and extends approximately 805 km north to south
and is 193 km east to west at its widest point. The area
includes a narrow mainland strip of steep, rugged mountains
and ice fields and more than 1000 offshore islands. The mainland and many of the islands are mountainous, often rising
abruptly from sea level to 1000 m or more. About 40% of the
area is composed of wetlands, snow, ice, rock, and nonforest
vegetation. Forested areas extend up to approximately 915 m
in the southern sections of the TNF and up to 760 m in the
north. Primary vegetation includes western red cedar (Thuja
plicata), sitka spruce (Picea sitchensis), and western hemlock
(Tsuga heterophylla). Riparian areas often contain red alder
(Alnus rubra).

Analytical methods
Our general approach for analyzing potential climate-induced
changes to Pacific salmon spawning habitat used downscaled
global climate models to predict changes in the magnitude of

mean annual floods (MAF) and associated changes in reachaverage streambed gravel size and scour potential (Buffington
et al., 2004; Goode et al., 2013). Our analysis included all HUC12 watersheds draining southeast Alaska (n = 849), with the
exception of those originating either in Glacier Bay National
Park, USA, or in Canada (Fig. 2), where synthetic stream networks derived from digital elevation models (i.e., Benda et al.,
2015) were not available. Our analyses compared contemporary watershed conditions (defined as the period from 1977 to
2000) with projected hydrologic responses to climate projections for 2040–2049 (2040s), and 2080–2089 (2080s).

Predicting climate-induced changes in hydrology
We used a regional hydrologic model (Curran et al., 2003) to
predict changes in mean annual flood magnitudes (MAF) for
the 2040s and 2080s relative to those expected under recent climate conditions (hereafter ‘contemporary conditions’). We
focused on changes to the MAF [i.e., floods with a recurrence
interval of approximately 2 years (Q2), also known as a ‘bankfull flood’; Williams, 1978] because (i) bankfull stream channel
morphometry reflects the magnitude of floods with this frequency (Whiting et al., 1999); and (ii) floods with this frequency should have a pervasive influence on salmon
populations, as opposed to less frequent, higher magnitude
floods that may only impact individual cohorts of salmon.
The MAF [in cubic feet per second (cfs)] for each HUC-12
watershed was estimated as:

Fig. 2 Predicted increase in the magnitude of mean annual floods for the 2040s (a) and 2080s (b) in watersheds of southeast Alaska
from a regional hydrologic model (see Analytical methods) and projected increases in January air temperature and mean annual precipitation under an ensemble global climate model average (ECHAM5, HadCM3, and CGCM31) and a moderate global greenhouse gas
emission scenario (A1B) relative to contemporary (1979–2000) flood magnitudes.
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620
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Q2 ¼ 0:004119  A0:8361  ðST þ 1Þ0:3590  P0:9110  ðJ þ 32Þ1:635
ð1Þ
where, A is drainage area (in square miles), ST is percent
watershed area in lakes and ponds, P is mean annual precipitation (in inches), and J is the mean minimum January temperature (in degrees Fahrenheit). (Equations are presented in
English units for consistency with the original USGS publication.) This model was parameterized from 93 gaging stations
in southeast Alaska and has a standard prediction error of
38% when applied to ungaged watersheds within the study
area (Curran et al., 2003).
We first estimated Q2 under contemporary conditions. We
then estimated changes in Q2 for each HUC-12 watershed
based on downscaled projections of P and J for the 2040s and
2080s, respectively, while holding drainage area and lake and
pond storage constant. Changes in P and J were quantified
using an ensemble global climate model averaged from the
three top performing global climate models for the region
(ECHAM5, HadCM3, and CGCM3.1) from the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment
under a moderate global greenhouse gas emission scenario
(A1B) (Walsh et al., 2008; Radic & Clarke, 2011).
We expressed future values of Q2 as a percent change from
contemporary conditions for each watershed. Bankfull flow
volumes (Qbf) for individual channel reaches within watersheds were estimated from reach-average channel morphometry under contemporary conditions from the following
equation (Parker et al., 2007):


pﬃﬃﬃﬃﬃﬃﬃﬃ h 0:2645
ð2Þ
Qbf ¼ 3:732 wh ghS
D50

Fig. 3 Bank-full width (solid circles) and depth (open circles)
vs. drainage area for southeast Alaska [data from Wood-Smith
& Buffington, 1996 (n = 23) and Zynda, 2005 (n = 83)].

w ¼ 0:0027 A0:5129 ; R2 ¼ 0:92;

ð3Þ

and the relationship between bank-full depth and drainage
area is described by:
h ¼ 0:0505 A0:1702 ; R2 ¼ 0:71:

ð4Þ

Reach-average streambed grain size was characterized by
estimating median grain size (D50) from empirical relationships between bankfull Shields stress (sbf*) and total
bankfull shear stress (s) for southeast Alaska streams (TNF,
unpublished data) following the methods of Buffington
et al.(2004). Bankfull Shields stress (Shields, 1936) is
defined as:
sbf * ¼ qghS=½ðqs  qÞgD50 

ð5Þ

where, w is bankfull width, h is bankfull depth, g is gravitational acceleration, S is channel slope, and D50 is median particle size. Methods for estimating w, h, S, D50 are described
below. We assumed that increases in reach-scale Qbf at future
time steps would be proportional to watershed-scale percent
increases in MAF magnitudes.

where qs and q are sediment (2650 kg m s ) and fluid densities (1000 kg m3 s1), respectively.
Bankfull shear stress is defined as the depth-slope product:

Predicting spawning habitat from streambed and bankfull
channel parameters

sbf * ¼ ksn ¼ 0:0046 s0:749 ; R2 ¼ 0:70

Contemporary and future MAF were routed through a
synthetic stream network derived from a geographic information analysis (NetMap; Benda et al., 2007, 2015) using a
20 9 20 m digital elevation model (DEM). The term ‘synthetic’ is used to differentiate the digital stream network
from paper map-based or optimal-imagery based cartographic stream layers (Benda et al., 2015). Reach-average
channel slope (in m m1) was estimated from the synthetic
stream network over reach lengths averaging 100 m.
Reach-average bankfull channel dimensions were predicted
using empirical hydraulic geometry equations relating drainage area (in m2) to bankfull width (w) and bankfull
depth (h) (both in m) for streams in southeastern Alaska
(compiled and reanalyzed from Wood-Smith & Buffington,
1996; and Zynda, 2005) (Fig. 3). The relationship between
bankfull width and drainage area is described by:
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620
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s ¼ qghS:

ð6Þ

The empirical relationship between bankfull Shields stress
and total bankfull shear stress is:
ð7Þ

where k and n are empirical constants derived from measurements at 372 reaches in southeast Alaska streams (TNF,
unpublished data).
From this relationship, reach-average D50 (in m) can be predicted from the following equation (Buffington et al., 2004):
D50 ¼ ðqhSÞ1n =½ðqs  qÞkgn :

ð8Þ

Reach-average D50 predicted from Eqn (8) was used to
determine the spatial distribution of potential spawning
reaches under contemporary conditions. Ranges of reach-average D50 suitable for salmon spawning varies by species (Kondolf & Wolman, 1993; Buffington et al., 2004) and are defined
in Table 1.
For reaches with suitable-sized spawning gravel, we also
estimated the potential for gravel scour during a MAF event.
To determine potential mortality of salmon embryos from substrate scour, we use an empirical scour model developed for
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Table 1 Reach-scale physical characteristics of high- and moderate-quality spawning habitat for coho, chum, and pink salmon in
southeast Alaska watersheds

Species

Habitat
quality

Gradient
(%)

Coho salmon
High
Moderate
Pink salmon
High
High
Moderate
Chum salmon
High
High
Moderate

Bankfull
width (m)

Bankfull
depth (m)

Confinement

D50
(mm)

<2.0

>2.0

>0.5

Unconfined

10–50

<4.5

>2.0

>0.5

Confined

10–50

<2.0

>10.0

>0.5

Unconfined

5–25

≤1.0
<4.5

>2.0
>10.0

>0.5
>0.5

Unconfined
Confined

5–25
5–25

<2.0

>10.0

>0.5

Unconfined

5–50

≤1.0
<4.5

>2.0
>10.0

>0.5
>0.5

Unconfined
Confined

5–50
5–50

Stream reach description

Small, medium, and large floodplain
reaches
Moderate gradient, small, medium, and
large confined reaches
Medium to large estuarine and floodplain
reaches
Small estuarine reaches
Moderate gradient, medium to large
confined reaches
Medium to large estuarine and floodplain
reaches
Small estuarine reaches
Moderate gradient, medium to large
confined reaches

gravel-bed rivers to estimate the probability of scour exceeding a critical egg burial depth for anadromous salmonids
(Haschenburger, 1999; Goode et al., 2013). Haschenburger
(1999) defines reach-average scour depth (ds) as a function of
reach-average excess Shields stress (s*/s*c):

depth to the bottom of the egg pocket for anadromous
salmonids (DeVries, 1997).

ds ¼ ð3:33e1:52s*=s*c Þ1 :

To determine how the extent of suitable salmon spawning
habitat may change with future increases in MAF, we considered the geomorphic context of each stream reach, because
factors such as channel confinement exert strong influences on
the effects of floods on the streambed (McKean & Tonina,
2013). Unconfined channels were defined as stream reaches
with floodplains greater than twice the bankfull channel width
and where flows greater than contemporary MAF are accommodated by overbank flooding. Reach-scale channel confinement was estimated for all stream reaches by characterizing
valley morphology from aerial photographs and then groundtruthing channel confinement at 372 stream reaches (TNF,
unpublished data).
We also considered scenarios allowing for mutual adjustment of stream channel dimensions in response to increased
mean annual flood magnitudes, including the potential for
stream bed coarsening as well as increases in channel depth
and width. Potential adjustments in channel depth and width
are known to influence gravel size and substrate scour, but
there is considerable uncertainty as to whether these adjustments will occur at a rate that keeps pace with the rate of
MAF increase (Goode et al., 2013). To address this uncertainty,
we bracketed the range of possible channel responses by considering a ‘static’ scenario in which stream channel dimensions remained constant (no future changes in bank-full
channel width or depth), as well as a ‘dynamic’ scenario in
which bankfull channel width and depth increased proportionally to future increases in MAF (Goode et al., 2013).

ð9Þ

We considered the scour potential for bankfull flows (i.e.,
MAF) and set s* = sbf* = qghS/[(qs – q)gD50]. The critical
Shields stress for D50 is predicted as an empirical function of
reach-average channel slope using the equation of Lamb et al.
(2008; see also Goode et al., 2013):
s*c ¼ 0:15S0:25 :

ð10Þ

Spatial variability in surface grain size and shear stress can
yield local scour depths that are substantially different from
reach-average values (Haschenburger, 1999; Shellberg et al.,
2010). Therefore, scour depth was treated as a stochastic variable with spatial variability in reach-average scour treated as a
cumulative probability density function (Haschenburger,
1999; Goode et al., 2013). The cumulative probability of scour
allows prediction of the proportion of the streambed within a
reach that equals or exceeds a critical scour depth (zc = 30 cm)
(Goode et al., 2013):
Pð  zc Þ ¼ ezc ð3:33e

1:52s*=s*c
Þ

:

ð11Þ

Egg and alevin mortality was assumed to occur when the
probability of scour to a depth of 30 cm exceeds 50% for a
given stream reach (i.e., >50% of a reach is expected to scour
to a depth equal to the bottom of the typical egg pocket for
anadromous salmonids; Goode et al., 2013). Although egg burial depth is a function of female size and is expected to vary
among species and individuals, 30 cm represents a typical

Predicting climate-induced spawning habitat loss

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

S T R E A M F L O W , C L I M A T E C H A N G E , A N D S A L M O N 609
In the static scenario, increases in MAF in future periods
were routed through a stream network with contemporary
bankfull channel dimensions. In unconfined stream reaches,
contemporary MAF was assumed to fill the bankfull stream
channel and larger floods were accommodated by overbank
flow spreading across the floodplain. Under this assumption,
MAF flow depths at future time steps are limited to bankfull
depths of the contemporary stream channel (Goode et al.,
2013). In confined channels, we held bankfull width constant
over time, which meant that, in the absence of a floodplain,
higher MAF volumes were accommodated solely by increased
flow depth. We estimated new flow depths for increases in
MAF in confined stream reaches by iteratively solving for h in
Eqn (2), while holding all other parameters constant. New
flow depths were then used in Eqns (5) and (8) to predict new
reach-average D50 and bankfull Shields stress, with the latter
used to estimate new scour probabilities (Eqn 11).
In the dynamic scenario, we predict new bankfull channel
dimensions as a function of future MAF values. New bankfull
flow depths (hbf-new) were predicted by (Parker et al., 2007):
hbfnew =hbfhist ¼ 0:0043 þ 0:5196ðQ2new =Q2hist Þ

ð12Þ

where hbf-hist is the contemporary bankfull depth predicted
from Eqn 4, Q2-hist is the contemporary MAF volume (Eqn 2),
and Q2-new is the new MAF volume for either the 2040s or
2080s, respectively. New flow depths are then used to predict
new D50, bankfull Shields stress, and scour probability for
future periods as described for the static scenario.

Climate-induced salmon spawning habitat change
To analyze potential climate-induced spawning habitat
changes for coho, pink salmon, and chum salmon, we used
spawning habitat criteria developed for southeast Alaska from
a combination of field measurement, fish population sampling,
and expert professional judgment (Paustian, 2010) (Table 1).
In addition to D50 and scour criteria, suitable spawning
reaches were defined by species-specific channel gradient and
minimum bank-full channel width and depth criteria identified in Table 1. These criteria also distinguish high-quality and
moderate-quality spawning habitat for each species.
Climate-induced changes in the extent of high- and moderate-quality spawning habitats were first analyzed separately
to determine whether the extent of habitat loss varied by contemporary habitat quality. We defined spawning habitat loss
as a change from contemporary channel conditions that
caused a reach to fall outside of the spawning habitat criteria
listed in Table 1. We summarized total spawning habitat
change at the watershed scale for each species, channel
response scenario (i.e., static vs. dynamic channel response),
and time step.
In addition, we used quantile regression (Koenker &
Bassett, 1978; Cade & Noon, 2003) to analyze the conditional
median response of salmon spawning habitat to mean annual
flow magnitude change at the watershed scale. We used goodness of fit measures (‘pseudo-R2’ also known as ‘R1’; Koenker &
Machado, 1999) to determine the strength of the relationship
between the magnitude of hydrologic change and salmon
spawning habitat loss.
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

Results
Mean annual precipitation within TNF watersheds is
projected to increase by an average of 11% (SD  1%)
and 18% (2%) in the 2040s and 2080s, respectively,
over contemporary values. Mean minimum January
temperatures are projected to increase by 9% (SD  9%)
and 14% (9%) in the 2040s and 2080s, respectively.
The combined effect of projected increases in precipitation and air temperature is a predicted median increase
in MAF magnitudes of 17% (3%) and 28% (2%) by
the 2040s and 2080s, respectively. Flood magnitude
responses in 2040s tended to be greater in watersheds
at the northern and western edge of the study area
(Fig. 2a), whereas responses in 2080s are greater in
northern and interior watersheds (Fig. 2b).
Under contemporary conditions, Pacific salmon
spawning habitat was predicted to be widely distributed among study watersheds. High-quality spawning habitat for coho salmon was predicted to occur in
89% of the 849 HUC-12 study watersheds. Similarly,
high-quality spawning habitat for chum and pink salmon were each predicted to occur in 88% of the study
watersheds. Moderate-quality spawning habitat for
coho salmon was also widely distributed, occurring in
88% of study watersheds, but moderate-quality spawning habitat was much less common for chum and pink
salmon, occurring only in 26% and 21% of the study
watersheds, respectively.

Static stream morphology and spawning habitat change
No loss of high-quality spawning habitat was predicted for any of the salmon species we considered
under the static channel response scenario in which
bankfull channel width and depth remained
unchanged over the 2040s and 2080s. High-quality
spawning habitat for coho, pink, and chum salmon
occurs solely in unconfined stream reaches (Table 1),
where any increases in flood volume that exceed the
capacity of the contemporary bankfull channel are
expected to be accommodated by overbank flow onto
the floodplain. Consequently, no increases were predicted for unconfined reaches in either flow depth,
shear stress, reach-average D50, or the probability of
streambed scour as a result of increases in MAF in
the 2040s and 2080s.
Moderate-quality spawning habitat for each salmon
species occurs in confined stream reaches without
floodplain connectivity. Without the opportunity for
overbank flow in these reaches, future increases in Q2
above historical values were predicted to increase flow
depth by an average of 6% (0.5%) and 12% (0.3%) in
the 2040s and 2080s, respectively, resulting in increased

610 M . R . S L O A T et al.
shear stresses acting on the streambed and concomitant
coarsening of reach-average D50 as well as increased
substrate scour probability.
Changes in the linear extent of moderate-quality salmon spawning habitat were predicted to be greatest for
coho salmon. Watershed-average decreases in moderate-quality coho salmon spawning habitat were predicted to be 40% (13%) and 58% (12%) by the 2040s
and 2080s, respectively. Approximately 11% and 20%
of the spawning habitat loss predicted for the 2040s
and 2080s, respectively, is attributed to coarsening of
the streambed in reaches that historically provided
moderate-quality coho salmon spawning habitat. The
remaining loss is predicted to occur due to increases in
the probability of egg and embryo mortality from
streambed scour.
Moderate-quality chum salmon spawning habitat
was predicted to decrease by 17% (5%) and 29%
(7%) by the 2040s and 2080s, respectively, under
the static channel scenario. Moderate-quality pink
salmon spawning habitat was predicted to decrease
by 20% (5%) and 29% (7%) by the 2040s and
2080s, respectively. For both chum and pink salmon,
spawning habitat loss in the 2040s and 2080s was
attributed to increases in the probability of egg and
embryo mortality from streambed scour.

Dynamic stream channel adjustment and spawning
habitat change
Under the dynamic scenario in which adjustments to
bankfull channel width and depth keep pace with
future increases in MAF, bankfull depth was predicted
to increase by an average of 6% (0.3%) and 10%
(0.3%) over contemporary values by the 2040s and
2080s, respectively. For coho salmon, increases in bankfull depth and associated increases in shear stresses
were predicted to result in watershed-average reductions in the linear extent of high-quality spawning habitat of 5% (0.1%) and 9% (0.3%) by the 2040s and
2080s, respectively. Approximately 20% of the spawning habitat loss predicted to occur by the 2040s was
attributed to coarsening of the streambed in reaches
that were predicted to historically provide high-quality
spawning habitat of coho salmon. The remaining 80%
predicted spawning habitat loss was attributed to
increases in the probability of incubation mortality
from streambed scour. Approximately 11% of highquality spawning habitat loss predicted to occur by the
2080s was attributed to streambed coarsening, with the
remaining 89% loss attributed to increased probability
of streambed scour.
Watershed-average reductions in the linear extent of
high-quality spawning habitat of chum salmon were

predicted to be 6% (0.5%) and 9% (1%) by the 2040s
and 2080s, respectively, under the dynamic adjustment
scenario. Approximately 33% and 44% of the habitat
loss predicted to occur by the 2040s and 2080s, respectively, was attributed to streambed coarsening, with the
remaining loss predicted to occur as a result of
increased streambed scour.
For pink salmon, watershed-average reductions in
the linear extent of high-quality spawning habitat were
predicted to be 3% (0.1%) and 5% (0.3%) by the
2040s and 2080s, respectively, under the dynamic
adjustment scenario. All of the habitat loss predicted to
occur by the 2040s and 2080s was attributed to coarsening of the streambed in reaches that were predicted to
historically provide high-quality pink salmon spawning habitat.
Losses of moderate-quality coho salmon spawning
habitat within the dynamic adjustment scenario were
much greater than that observed for high-quality
habitat. The response of moderate-quality spawning
habitat to dynamic adjustments in bankfull channel
geometry was a reduction of 29% (11%) and 43%
(12%) by the 2040s and 2080s, respectively. Approximately 55% of the loss predicted to occur by the
2040s was attributed to streambed coarsening in
reaches predicted to historically provide moderate
coho salmon spawning habitat, with the remaining
45% predicted loss due to increased scour probability. Approximately 55% of the loss predicted to occur
by the 2080s was attributed to streambed coarsening,
with the remaining 45% due to increased probability
of streambed scour.
Losses of moderate-quality chum salmon spawning
habitat were predicted to be 12% (3%) and 20% (5%)
by the 2040s and 2080s, respectively. All of the loss of
moderate-quality chum salmon spawning habitat was
predicted to result from increase probability of
streambed scour in the 2040s and 2080s.
Losses of moderate-quality pink salmon spawning
habitat were predicted to be 15% (4%) and 22%
(6%). All of the pink salmon habitat loss predicted to
occur by the 2040s and 2080s was attributed to coarsening of the streambed in reaches that were predicted to
historically provide moderate-quality pink salmon
spawning habitat.

Salmon spawning habitat quality and overall spawning
habitat loss
In general, high-quality spawning habitat was predicted to be more extensive than moderate-quality
spawning habitat within the study watersheds. For
coho salmon, contemporary high-quality spawning
habitat was predicted to be about twice as extensive as
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620
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moderate-quality spawning habitat. Weighting mean
habitat loss by the relative extents of moderate- and
high-quality coho salmon spawning habitat resulted in
an overall predicted habitat loss in the 2040s of 9% (
6%) and 10% ( 6%) under the static and dynamic morphology scenarios, respectively (Fig. 4). Under the static morphology scenario, the entirety of this loss was
attributed to reductions in moderate-quality habitat.
Under the dynamic channel scenario, losses of moderate-quality habitat were also greater, accounting for
60% of the total spawning habitat lost, despite constituting only about 33% of the total contemporary
spawning habitat. By the 2080s, spawning habitat for
coho salmon was predicted to be reduced by 13% (
7%) under the static channel scenario, with the entirety
of this loss attributed to reductions in moderate-quality
habitat (Fig. 4). Under the dynamic channel scenario,
overall spawning habitat loss was predicted to be 16%
( 7%) by the 2080s (Fig. 4), with the extent of spawning habitat loss split approximately evenly between
moderate-quality and high-quality habitat.
For chum salmon, moderate-quality spawning habitat
was predicted to comprise only 3% of the total contemporary spawning habitat. Weighting mean habitat loss
by the relative extents of moderate-quality and highquality spawning habitat resulted in overall spawning
habitat reductions of <1% and 1% by the 2040s and
2080s, respectively, under the static channel scenario
(Fig. 5). The entirety of this loss was attributed to reductions in moderate-quality habitat. Under the dynamic
channel scenario, overall spawning habitat reductions
are predicted to be approximately 6% (6%) and 9%
(9%) by the 2040s and 2080s, respectively (Fig. 5), with
the majority of this loss (93% of total loss) attributed to
reductions in high-quality spawning habitat.
Moderate-quality pink salmon spawning habitat was
also relatively rare, comprising just 2% of the total historical spawning habitat. Under the static channel scenario, weighted-mean total spawning habitat loss was
<1% in both the 2040s and 2080s (Fig. 6), with the
entirety of habitat reductions attributed to loss of moderate-quality habitat. Under the dynamic channel scenario, weighted-mean overall habitat loss was
predicted to be 3% (4%) and 5% (5%) in the 2040s
and 2080s, respectively (Fig. 6), with nearly all of this
loss (>90% of total habitat loss) attributed to reductions
in high-quality spawning habitat.

Hydrologic change and salmon spawning habitat loss
In general, the overall extent of spawning habitat loss
within a watershed was not strongly associated with
the predicted increase in mean annual flood magnitude
(Fig. 7). For coho salmon, quantile regression revealed
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

a significant but weak positive relationship between the
magnitude of mean annual flood increase and median
watershed-scale coho salmon spawning habitat loss.
For every 1% increase in mean annual flood magnitude,
there was a 0.2% (static scenario, 95% Confidence interval [CI] = 0.1–0.3) to 0.6% (dynamic scenario, 95%
CI = 0.5–0.6) increase in the median predicted extent of
coho salmon spawning habitat loss. However, there
was considerable variability around this relationship
(Fig. 7). Goodness of fit measures (‘pseudo-R2’ also
known as ‘R1’; Koenker & Machado, 1999) suggested
that the percent increase in MAF explained only
between 1% (static scenario) and 5% (dynamic scenario)
of watershed-scale variation in median predicted coho
salmon spawning habitat loss.
There was no significant linear relationship between
MAF increase and median watershed-scale loss of
chum salmon spawning habitat loss in the static channel scenario. Under the dynamic channel scenario, the
median predicted extent of chum salmon spawning
habitat loss increased 1.7% (95% CI = 1.3–1.8) for every
1% increase in MAF. However, goodness of fit measures (‘pseudo-R2’) suggested that the percent increase
in MAF explained only 7% of among-watershed variation in the median predicted chum salmon spawning
habitat loss.
Similarly, there was no significant linear relationship
between MAF increase and loss of median watershedscale pink salmon spawning habitat in the static channel scenario. Under the dynamic channel scenario, the
median predicted extent of pink salmon spawning
habitat loss increased 0.9% (95% CI = 0.8–1.0) for every
1% increase in MAF. Goodness of fit measures (‘pseudoR2’) suggested that the percent increase in MAF
explained only 5% of among-watershed variation in the
median predicted pink salmon spawning habitat loss.

Discussion
In salmon-supporting watersheds of southeast Alaska,
future trends toward a warmer, wetter regional climate
are predicted to increase mean annual flood magnitudes and result in small to moderate reductions in the
extent of Pacific salmon spawning habitat due to
streambed coarsening and increased substrate scour
potential. Hydrologic responses associated with midand late-21st-century climate projections suggest a
median increase in mean annual flood (MAF) magnitudes of 17% and 28%, respectively. Spatial variability
in projected air temperature and precipitation trends
resulted in a wide range among watersheds in MAF
changes. The relative increase in MAF in the 2040s
tended to be greater in watersheds at the northern and
western edge of the study area, whereas increases in
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Fig. 4 Spatial distribution of coho salmon spawning habitat loss from increased mean annual flood magnitudes in the 2040s and
2080s under static (a and b) and dynamic (c and d) stream channel response scenarios in southeast Alaska watersheds. Grey polygons
indicate portions of the study area for which synthetic stream networks were not available. Bottom panels show the relative abundance
of watersheds by percent spawning habitat loss under static and dynamic stream channel response scenarios in the 2040s (e) and
2080s (f).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

S T R E A M F L O W , C L I M A T E C H A N G E , A N D S A L M O N 613

Fig. 5 Spatial distribution of chum salmon spawning habitat loss from increased mean annual flood magnitudes in the 2040s and
2080s under static (a and b) and dynamic (c and d) stream channel response scenarios in southeast Alaska watersheds. Grey polygons
indicate portions of the study area for which synthetic stream networks were not available. Bottom panels show the relative abundance
of watersheds by percent spawning habitat loss under static and dynamic stream channel response scenarios in the 2040s (e) and
2080s (f).
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Fig. 6 Spatial distribution of pink salmon spawning habitat loss from increased mean annual flood magnitudes in the 2040s and 2080s
under static (a and b) and dynamic (c and d) stream channel response scenarios in southeast Alaska watersheds. Grey polygons indicate portions of the study area for which synthetic stream networks were not available. Bottom panels show the relative abundance
of watersheds by percent spawning habitat loss under static and dynamic stream channel response scenarios in the 2040s (e) and
2080s (f).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

S T R E A M F L O W , C L I M A T E C H A N G E , A N D S A L M O N 615

Fig. 7 Predicted spawning habitat loss vs. the percent increase in mean annual flood size in 849 watersheds in southeast Alaska for
coho (a, b), chum (c, d), and pink salmon (e, f) under static and dynamic channel response scenarios.

the 2080s are predicted to be greater in northern and
interior watersheds. All other factors being equal, flood
increases tended to be greater in warmer watersheds
with higher mean annual precipitation, and hydrology
model coefficients for these variables are nonlinear
(Curran et al., 2003). Spatial patterns in flood magnitude changes in southeast Alaska likely reflect regional
topographic and maritime influences on temperature
and precipitation patterns, with lower elevation outer
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

islands more likely to first cross temperature thresholds
that transition watersheds from snow melt toward frontal rainfall hydrography (Shanley et al., 2015).
As expected, our results indicate that watershed
responses to hydrologic change will not be homogenous in topographically complex regions such as southeast Alaska. Intuitively, watershed response diversity
would be expected to arise from spatial variation in
exposure to climate-induced hydrologic change.
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However, we found that very little of the variation in
watershed-scale spawning habitat loss could be
explained by the magnitude of predicted hydrologic
change. Instead, watershed-scale variation in topographic and geomorphic complexity were overriding
factors that produced a mismatch between spatial patterns of exposure (i.e., magnitude of climate-induced
flood change) and habitat sensitivity (i.e., habitat
response to hydrologic change). In particular, our
results indicate that sensitivity of salmon habitat to
exposure to increased flood magnitudes is likely to be
mediated by three interacting factors: valley and reachscale morphology, the pace and mode of channel
responses to altered hydrology, and differences in habitat preferences among salmon species.
Valley and reach-scale morphology exert first-order
controls on sediment storage and transport, lateral connectivity of streams and adjacent floodplains, and associated stage–discharge relationships (Montgomery &
Buffington, 1997; Miller et al., 2008). Thus, stream network geomorphology controls the contemporary availability and spatial distribution of suitable salmon
spawning reaches as well as the near-term sensitivity of
spawning habitat to alterations from increased flood
magnitudes (Montgomery et al., 1996; Buffington et al.,
2004; Miller et al., 2008). Over longer timescales, potential losses of salmon spawning habitat depend on
whether altered hydrologic regimes induce additional
changes to stream channels, such as alterations to bankfull channel width and depth (Buffington, 2012; Goode
et al., 2013). For example, dynamics of salmon spawning gravel transport and storage will differ if increases
in bankfull channel dimensions keep pace with or lag
behind increasing mean annual flood size. Because the
pace and mode of channel response to increased flood
magnitudes is highly uncertain, we followed Goode
et al. (2013) in simulating both static and dynamic channel response scenarios that represent end-members in a
range of potential morphological responses to the
projected flood regimes.
As expected, the overall extent and spatial distribution of spawning habitat loss differed under static and
dynamic channel response scenarios. Differences
between these scenarios primarily reflect the interaction
between flood dynamics and channel confinement. In
confined stream reaches, spawning habitat loss was
predicted to be greater under the static scenario than
under the dynamic scenario. Under the static scenario,
channel width in confined reaches is topographically
constrained and cannot appreciably increase. Consequently, future increases in discharge in these reaches
are accommodated primarily by an increase in flow
depth. All else being equal, greater flow depths
increase shear stress acting on the streambed, leading

to higher probabilities of spawning habitat loss through
substrate scour and streambed coarsening (e.g., Eqns 5
and 6). In the dynamic scenario, both channel width
and channel depth were allowed to increase to new
equilibrium ‘bankfull’ dimensions, and, consequently,
channel widening accommodated a portion of the discharge that would otherwise result in increased flow
depth. As a result, there was a greater predicted
increase in flow depth and associated streambed disturbance in confined reaches under the static scenario than
under the dynamic scenario.
In contrast to confined stream reaches, spawning
habitat losses in unconfined reaches are predicted to be
lower under the static scenario than under the dynamic
scenario. Under the static scenario, future increases in
discharge in excess of the capacity of the contemporary
bankfull channel in unconfined reaches are accommodated by overbank flow onto the adjacent floodplain,
with negligible increases in flow depth (Goode et al.,
2013; McKean & Tonina, 2013). In the absence of
increases in flow depth, predicted shear stress and the
probability of substrate scour remain unchanged (e.g.,
Eqns 5 and 6), despite increasing flood magnitudes,
and there is a low risk of salmon spawning habitat loss.
Under the dynamic scenario, channel width and channel depth increase to new ‘bankfull’ dimensions in
unconfined reaches (as they do in confined reaches).
Increased bankfull flow depth will result in greater
shear stress acting on the streambed and higher predicted probabilities of substrate scour and streambed
coarsening in unconfined stream reaches under the
dynamic scenario than under the static scenario.
Because channel confinement is one of the primary
reach-scale determinants of Pacific salmon spawning
habitat preferences (Paustian, 2010) (Table 1), the interactions between channel response scenarios, channel
confinement, and flow dynamics strongly influence differences among species in potential climate-induced
spawning habitat loss. Coho, pink, and chum salmon
have similar preferences for spawning in low-gradient,
unconfined stream reaches, but coho salmon make
more extensive use of low-order portions of stream networks (Reeves et al., 1998). In southeast Alaska, such
streams tend to drain narrow valleys with steeper gradients (e.g., gradients >0.02; Paustian, 2010). Consequently, coho salmon are more likely than either pink
or chum salmon to spawn in steeper, confined stream
reaches where increased discharge is more likely to
increase shear stresses acting on the streambed. As a
result, coho salmon were predicted to experience a
greater overall loss of spawning habitat than either
pink or chum salmon. Both static and dynamic
response scenarios produced similar estimates of the
total extent of coho salmon spawning habitat loss,
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although habitat losses under the dynamic scenario
were slightly greater. There were, however, substantial
differences in the quality of spawning habitat predicted
to be affected under these two scenarios. Under the static scenario, spawning habitat losses were restricted to
moderate-quality habitat in confined stream reaches,
with high-quality habitat remaining unaffected. Under
the dynamic scenario, habitat loss was split nearly
evenly between high- and moderate-quality coho
spawning habitat.
For pink and chum salmon, very little spawning
habitat loss (i.e., ≤1%) was predicted for the 2040s and
2080s under the static scenario because these species
primarily spawn in unconfined stream reaches where
overbank flow ameliorates potential impacts of
increased flood magnitudes. Pink and chum salmon do
use confined reaches for reproduction given the right
combination of substrate size and low streambed
mobility (Paustian, 2010), but our analysis suggests that
such conditions are uncommon in contemporary
stream networks and will be increasingly rare in the
future. Greater spawning habitat losses, particularly for
high-quality spawning habitat, are predicted for pink
and chum salmon under the dynamic scenario because
unconfined reaches are more affected in this scenario
than under the static channel scenario. However, under
the dynamic channel scenario, predicted habitat losses
remain moderate through the 2080s for pink and chum
salmon at 5% and 9%, respectively.
In addition to the contribution of topographic complexity and stream reach geomorphology to spatial
variation in species’ spawning habitat preferences, differences among species in the timing of reproduction
also influence the exposure of populations to climateinduced flood disturbance. For example, pink and
chum salmon are likely to have higher temporal exposure to flood-induced incubation mortality because
they tend to reproduce just before or during the period
of the year with the highest likelihood of flooding
(Fig. 1). Coho salmon likely experience lower temporal
exposure to flood disturbance because significant portions of their populations tend to reproduce after the
largest floods of the year, thereby reducing the probability of spawning habitat loss from streambed scour.
These differences in Pacific salmon life histories may
lead to important tradeoffs in temporal and spatial
exposure to climate-induced habitat loss. For example,
we hypothesize that later reproductive timing may
facilitate coho salmon reproduction in smaller, more
confined tributaries than are used by either chum or
pink salmon. The resolution of topographic and
hydrologic data available for southeast Alaska was
not sufficient to estimate potential changes in flood
timing, but, because of the aforementioned reasons,
© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

population-specific analyses of climate-induced salmon
spawning habitat change should incorporate information on the timing of reproduction relative to flood disturbance whenever possible (e.g., Goode et al., 2013).
Although we predict that some level of climateinduced alterations to salmon spawning habitat is
likely, population-level effects of these changes are
highly uncertain. Compensatory mechanisms occurring
at later life stages can offset decreased salmonid spawning success and result in little overall population
change (e.g., Hartman et al., 1996; Magee et al., 1996).
The potential for demographic processes to absorb
changes in incubation survival depends on differences
among species in life history traits such as the duration
of freshwater rearing. For example, juvenile coho salmon in southeast Alaska typically spend two or three
years in freshwater before migrating to the ocean
(Sandercock, 1991), whereas pink and chum salmon
emigrate within days to weeks of emergence from the
stream gravel (Heard, 1991; Salo, 1991; Quinn, 2011).
As a result of their extended freshwater rearing, coho
salmon populations may be more limited by freshwater
juvenile habitat, particularly pools with adequate cover
(Murphy et al., 1986), than by factors controlling incubation success (Scrivener & Andersen, 1984). Consequently, moderate alterations to spawning habitat, such
as those predicted by our analyses, may not necessarily
result in coho salmon population declines if strong
compensatory (density-dependent) mortality occurs
during freshwater rearing (Hartman et al., 1996; Magee
et al., 1996). Spawning habitat may more directly influence population dynamics for pink and chum salmon
(although compensatory marine mortality could dampen population-level effects of reduced spawning habitat) (Neave, 1953; Heard, 1991; Salo, 1991). Ultimately,
our approach could be incorporated into more detailed
watershed-specific modeling frameworks that integrate
hydrology, habitat, and salmon population models
(e.g., Scheuerell et al., 2006; Dietrich & Ligon, 2008;
Leppi et al., 2014) to better determine demographic sensitivity of specific populations to increased incubation
mortality.
Several limitations in data availability for the study
area highlight the need for an improved understanding
of climatological, hydrologic, and geomorphic processes and monitoring of biophysical data within southeast Alaska. As is common in similar remote regions,
relatively few watersheds in southeast Alaska have
been gaged to measure streamflow and those with
gages typically have short periods of record
(<50 years). Consequently, there are limited data from
which to calibrate empirical relationships between
watershed characteristics and peak discharge events.
Further, our simplifying assumption that contemporary

618 M . R . S L O A T et al.
hydrologic models could project future flood magnitudes carries an inherent uncertainty because parameter coefficients for these equations could also respond
to climate-induced shifts in precipitation and temperature. However, such an approach was necessary for our
broad-scale analysis because more mechanistic hydrologic models do not resolve well in topographically
complex and glacially influenced watersheds such as
those found in southeast Alaska. Nevertheless, weak or
negligible associations between predicted magnitudes
of flood change and spawning habitat loss suggest that
our results are not highly sensitive to uncertainty in
peak flow projections.
Our results may be sensitive to potential climateinduced increases in sediment delivery to stream networks. Streambed composition and scour models that
we used are based on near-equilibrium conditions in
which sediment supply and transport are maintained
in a dynamic balance (Buffington, 2012; Goode et al.,
2013). Stochastic delivery of sediment to stream networks from mass wasting (e.g., landslides) can alter
this balance (Benda & Dunne, 1997; Goode et al., 2013).
However, intact watersheds of southeast Alaska are
likely well buffered from such events because landslides on steep hillslopes rarely reach perennial stream
channels as a consequence of the region’s characteristically broad valley floors (Swanston, 1974; Johnson et al.,
2000; Martin & Benda, 2001). Such events therefore may
not exert widespread influences on spawning habitat
but could be locally important, especially in areas with
a history of logging (Johnson et al., 2000). Increased
bank erosion from larger floods could also increase
delivery of sediment and large wood to southeast
Alaska streams (Martin & Benda, 2001). More detailed
assessments in particular watersheds could combine
wood recruitment models (e.g., Martin & Benda, 2001)
to understand the potential for increased wood loading
and its effects on gravel retention and streambed scour
(Buffington et al., 2004).
The coarse spatial resolution of digital elevation
models available for southeast Alaska, and many parts
of the globe (Benda et al., 2015), also limits the precision
of synthetic stream network analyses. Finer resolution
DEMs than are currently available for remote and topographically complex regions are needed to enable
greater accuracy in generating synthetic stream network flow paths and estimating reach-scale stream
channel parameters. Consequently, uncertainty in digitally derived stream routes can limit the precision of
predictions for particular reaches within stream
networks. Our predictions should therefore be viewed
as first-order approximations that require field validation and empirical adjustment for local conditions
before they are applied to reach-scale habitat

assessment. Additionally, our analysis of reach-average
channel conditions does not capture subreach variation
in streambed processes that may influence salmon
spawning site selection (e.g., May et al., 2009; McKean
& Tonina, 2013). However, our analysis provides a useful watershed-scale perspective on the potential effects
of climate-induced changes in flood disturbance on
Pacific salmon habitat.
Despite the potential influence of these data limitations, our results indicate an overriding importance of
topographic complexity and stream network geomorphology in mediating vulnerability of Pacific salmon
habitat to changing climatic and hydrologic regimes.
Whereas regional variability in projected precipitation
and temperature regimes determine the potential exposure of watersheds to hydrologic change, valley and
reach-scale geomorphology and species habitat preferences largely determine the sensitivity of fish habitat to
this exposure. Our results highlight the opportunity for
population response diversity that is generated by
watershed- and reach-scale biophysical complexity,
including differences in species habitat preferences as
well as geomorphic controls on spatial exposure to
climate-induced hydrologic change.
In terms of climate adaptation planning, our analyses
emphasize the potential for floodplain connectivity to
ameliorate the effects of future increases in discharge
on streambed dynamics. Floodplain connectivity in
unconfined reaches provides a ‘stress release valve’
(McKean & Tonina, 2013) that limits vulnerability of
salmon spawning habitat even in large floods with
return intervals of decades to centuries (Lapointe et al.,
2000; Goode et al., 2013; McKean & Tonina, 2013). This
finding is supported by similar approaches that have
modeled salmonid spawning habitat vulnerability to
climate-induced changes in hydrologic regimes (Goode
et al., 2013) and by empirical investigations of salmon
spawning gravel mobility across a broad range of flow
stages (Lapointe et al., 2000; McKean & Tonina, 2013).
In this regard, maintaining or restoring connectivity
between streams and adjacent floodplains will mitigate
near-term responses to increased flood magnitudes.
Additionally, maintaining or restoring channel complexity and hydraulic roughness from large wood may
further mitigate the effect of higher flows on salmon
spawning habitat (Buffington, 1995; Sloat et al., 2015).
It is clear that climate-induced changes in hydrologic
regimes will have important consequences for Pacific
salmon and their habitats (Crozier et al., 2008; Mantua
et al., 2010), but the influence of changing hydrology
cannot be understood without accounting for geomorphological processes operating across stream networks
(e.g., Goode et al., 2013). The integral relationship
between the stream and its valley has been known to
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stream ecologists for decades (Hynes, 1975). However,
this perspective is often missing from assessments of
the vulnerability of aquatic species and stream networks to climate-induced changes to hydrologic and
thermal regimes (but see Griffiths & Schindler, 2011;
Goode et al., 2013; Lisi et al., 2015). Our results illustrate
the importance of accounting for valley and reach-scale
geomorphic features in watershed assessments of climate vulnerability, especially in topographically complex regions such as southeast Alaska. Failure to
consider the geomorphic context of stream networks
will hamper efforts to understand the vulnerability of
anadromous fish habitat to climate-induced hydrologic
change.

Curran JH, Meyer DF, Tasker GD (2003) Estimating the magnitude and frequency of
peak streamflows for ungaged sites on streams in Alaska and conterminous basins
in Canada. US Geological Survey Water-Resources Investigations Report
03-4188.
DeVries P (1997) Riverine salmonid egg burial depths: a review of published data
and implications for scour studies. Canadian Journal of Fisheries and Aquatic Sciences,
54, 1685–1698.
DeVries P (2008) Bed disturbance processes and the physical mechanisms of scour in
salmonid spawning habitat. American Fisheries Society Symposium, 65, 121–147.
Dietrich WE, Ligon F (2008) RIPPLE - A digital terrain-based model for linking salmon population dynamics to channel network Prepared by Stillwater Sciences,
Berkeley, California.
Gende SM, Edwards RT, Willson MF, Wipfli MS (2002) Pacific Salmon in aquatic and
terrestrial ecosystems. BioScience, 52, 917–928.
Goode JR, Buffington JM, Tonina D et al. (2013) Potential effects of climate change on

Acknowledgements

streambed scour and risks to salmonid survival in snow-dominated mountain
basins. Hydrologic Processes, 27, 750–765.
Griffiths JR, Schindler DE (2011) Consequences of changing climate and geomorphology for bioenergetics of juvenile sockeye salmon in a shallow Alaskan lake. Ecology
of Freshwater Fish, 21, 349–362.
Hartman GF, Scrivener JC, Miles MJ (1996) Impacts of logging in Carnation Creek, a
high-energy coastal stream in British Columbia, and their implication for restoring

We thank Sheila Jacobsen, Greg Killinger, Ron Medel, Emil
Tucker, Kathryn Ronenberg, Colin Shanley, David Albert, and
Erica Fleishman. Funding was provided by the Gordon and
Betty Moore Foundation, The Nature Conservancy, and Tongass
National Forest.

fish habitat. Canadian Journal of Fisheries and Aquatic Sciences, 53, 237–251.
Haschenburger JK (1999) A probabilistic model of scour and fill depths in gravel-bed
channels. Water Resources Research, 35, 2857–2869.
Hassan MA, Gottesfeld AS, Montgomery DR et al. (2008) Salmon-driven bed load
transport and bed morphology in mountain streams. Geophysical Research Letters,
35, L04405.

References
Battin J, Wiley MW, Ruckelshaus MH, Palmer RN, Korb E, Bartz KK, Imaki H (2007)
Projected impacts of climate change on salmon habitat restoration. Proceedings of
the National Academy of Sciences, 104, 6720–6725.
Benda LE, Dunne T (1997) Stochastic forcing of sediment supply to the channel network from landsliding and debris flow. Water Resources Research, 33, 2849–2863.
Benda LE, Miller D, Dunne T, Agee J, Reeves GH (1998) Dynamic landscape systems.
In: River Ecology and Management: Lessons from the Pacific Coastal Ecoregion (eds Niaman R, Bilby R), pp. 261–288. Springer, New York.
Benda LE, Poff NL, Miller D, Dunne T, Reeves GH, Pess G, Pollock M (2004) The network dynamics hypothesis: how channel networks structure riverine habitats.
BioScience, 54, 413–427.
Benda LE, Miller D, Andras K, Bigelow P, Reeves G, Michael D (2007) NetMap: a
new tool in support of watershed analysis and resource management. Forest
Science, 53, 206–219.
Benda LE, Miller D, Barquin J, McCleary R, Cai T, Ji Y (2015) Building virtual watersheds: a global opportunity to strengthen resource management and conservation.
Environmental Management, 57, 1–18.
Bryant MD (2009) Global climate change and potential effects on Pacific salmonids in
freshwater ecosystems of southeast Alaska. Climatic Change, 95, 169–193.
Buffington JM (1995) Effects of hydraulic roughness and sediment supply on surface
textures of gravel-bedded rivers. Master’s thesis. University of Washington, Seattle.
Buffington JM (2012) Changes in channel morphology over human time scales. In:
Gravel-Bed Rivers: Processes, Tools, Environments (eds Church M, Biron PM, Roy
AG), pp. 435–463. Wiley Press, Chichester, UK.
Buffington JM, Montgomery DR, Greenberg HM (2004) Basin-scale availability of salmonid spawning gravel as influenced by channel type and hydraulic roughness in
mountain watersheds. Canadian Journal of Fisheries and Aquatic Sciences, 61, 2085–
2096.
Cade BS, Noon BR (2003) A gentle introduction to quantile regression for ecologists.
Frontiers in Ecology and the Environment, 1, 412–420.
Clark JH, McGregor A, Mecum RD, Krasnowski P, Carroll AM (2006) The commercial
salmon fishery in Alaska. Alaska Fishery Research Bulletin, 12, 1–146.
Conrad S, Gray D (2016) Overview of the 2015 Southeast Alaska and Yakutat commercial, personal use, and subsistence salmon fisheries. Alaska Department of Fish
and Game, Fishery Management Report No 16-09, Anchorage.
Coulthard TJ, Lewin J, Macklin MG (2005) Modelling differential catchment response
to environmental change. Geomorphology, 69, 222–241.
Crozier LG, Hendry AP, Lawson PW et al. (2008) Potential responses to climate
change in organisms with complex life histories: evolution and plasticity in Pacific
salmon. Evolutionary Applications, 1, 252–270.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

Heard WR (1991) Life history of pink salmon (Oncorhynchus gorbuscha). In: Pacific Salmon Life Histories (eds Groot C, Margolis L), pp. 119–230. UBC Press, Vancouver,
British Columbia.
Hynes HBN (1975) The stream and its valley. Verhandlungen der Internationalen Vereinigung fur theoretische und angewandte Limnologie, 19, 1–15.
Johnson AC, Swanston DN, McGee KE (2000) Landslide initiation, runout, and deposition within clearcuts and old-growth forests of Alaska. Journal of the American
Water Resources Association, 36, 17–30.
Koenker R, Bassett G (1978) Regression quantiles. Econometrica, 46, 33–50.
Koenker R, Machado JAF (1999) Goodness of fit and related inference processes for
quantile regression. Journal of the American Statistical Association, 94, 1296–1310.
Kondolf GM, Wolman MG (1993) The sizes of salmonid spawning gravels. Water
Resources Research, 29, 2275–2285.
Kovach RP, Ellison SC, Pyare S, Tallmon DA (2015) Temporal patterns in adult salmon
migration timing across southeast Alaska. Global Change Biology, 21, 1821–1833.
Lamb MP, Dietrich WE, Venditti JG (2008) Is the critical Shields stress for incipient
sediment motion dependent on channel-bed slope? Journal of Geophysical Research:
Earth Surface, 113, F02008. doi:10.1029/2007JF000831.
Lamke RD (1978) Flood characteristics of Alaskan streams: US Geological Survey
Water-Resources Investigations Report 78-129, 61 p.
Lapointe M, Eaton B, Driscoll S, Latulippe C (2000) Modelling the probability of salmonid egg pocket scour due to floods. Canadian Journal of Fisheries and Aquatic
Sciences, 57, 120–1130.
Leppi JC, Rinella DJ, Wilson RR, Loya WM (2014) Linking climate change projections
for an Alaskan watershed to future coho salmon production. Global Change Biology,
20, 1808–1820.
Lisi PJ, Schindler DE, Cline TJ, Scheuerell MD, Walsh PB (2015) Watershed geomorphology and snowmelt control stream thermal sensitivity to air temperature. Geophysical Research Letters, 42, 3380–3388.
Magee JP, McMahon TE, Thurow RF (1996) Spatial variation in spawning habitat of
cutthroat trout in a sediment-rich stream basin. Transactions of the American Fisheries Society, 125, 768–779.
Mantua N, Tohver I, Hamlet A (2010) Climate change impacts on streamflow
extremes and summertime stream temperature and their possible consequences
for freshwater salmon habitat in Washington State. Climatic Change, 102, 187–223.
Martin DJ, Benda LE (2001) Patterns of instream wood recruitment and transport at
the watershed scale. Transactions of the American Fisheries Society, 130, 940–958.
May CL, Pryor B, Lisle TE, Lang M (2009) Coupling hydrodynamic modeling and
empirical measures of bed mobility to predict the risk of scour and fill of salmon
redds in a large regulated river. Water Resources Research, 45, W05402.
McKean JA, Tonina D (2013) Bed stability in unconfined gravel-bed mountain
streams: with implications for salmon spawning viability in future climates. Journal of Geophysical Research: Earth Surface, 118, 1227–1240.

620 M . R . S L O A T et al.
Miller DJ, Burnett K, Benda L (2008) Factors controlling availability of spawning habitat
for salmonids at the basin scale. American Fisheries Society Symposium, 65, 103–120.

fish-habitat relationships in conservation planning. Canadian Journal of Fisheries and
Aquatic Sciences, 63, 1596–1607.

Montgomery DR (2000) Coevolution of the Pacific salmon and Pacific Rim topography. Geology, 28, 1107–1110.
Montgomery DR, Buffington JM (1997) Channel-reach morphology in mountain drainage basins. Geological Society of America Bulletin, 109, 596–611.
Montgomery DR, MacDonald LH (2002) Diagnostic approach to stream channel
assessment and monitoring. Journal of the American Water Resources Association, 38,
1–16.

Schindler DE, Scheuerell MD, Moore JW, Gende SM, Francis TB, Palen WJ (2003)
Pacific salmon and the ecology of coastal ecosystems. Frontiers in Ecology and the
Environment, 1, 31–37.
Schindler DE, Armstrong JB, Bentley KT, Jankowski KJ, Lisi PJ, Payne LX (2013) Riding the crimson tide: mobile terrestrial consumers track phenological variation in
spawning of an anadromous fish. Biology Letters, 9, 20130048.
Scrivener JC, Andersen BC (1984) Logging impacts and some mechanisms that deter-

Montgomery DR, Buffington JM, Peterson P, Scheutt-Hames D, Quinn TP (1996)
Streambed scour, egg burial depths and the influence of salmonid spawning on
bed surface mobility and embryo survival. Canadian Journal of Fisheries and Aquatic
Sciences, 53, 1061–1070.
Moore JW, Schindler DE (2004) Nutrient export from freshwater ecosystems by
anadromous sockeye salmon (Oncorhynchus nerka). Canadian Journal of Fisheries and

mine the size of spring and summer populations of coho salmon fry (Oncorhynchus
kisutch) in Carnation Creek, British Columbia. Canadian Journal of Fisheries and
Aquatic Sciences, 41, 1097–1105.
Shanley CS, Albert DA (2014) Climate change sensitivity index for Pacific Salmon
habitat in southeast Alaska. PLoS ONE, 9, e104799.
Shanley CS, Pyare S, Goldstein MI et al. (2015) Climate change implications in the

Aquatic Sciences, 61, 1582–1589.
Moore JW, Schindler DE, Carter JL, Fox JM, Griffiths J, Holtgrieve GW (2007) Biotic
control of stream ecosystem fluxes: spawning salmon drive nutrient and matter
export. Ecology, 88, 1278–1291.
Murphy ML, Heifetz J, Johnson SW, Koski KV, Thedinga JF (1986) Effects of clear-cut
logging with and without buffer strips on juvenile salmonids in Alaskan streams.
Canadian Journal of Fisheries and Aquatic Sciences, 43, 1521–1533.

northern coastal temperate rainforest of North America. Climatic Change, 130, 155–
170.
Shellberg JG, Bolton SB, Montgomery DR (2010) Hydrogeomorphic effects on bedload
scour in bull char (Salvelinus confluentus) spawning habitat, western Washington,
USA. Canadian Journal of Fisheries and Aquatic Sciences, 67, 626–640.
Shields A (1936) Anwendung der aehnlichkeitsmechanik und der turbulenzforschung auf die geschiebebewegung. Mitteilungen der Preußischen Versuchsanstalt

Naiman RJ, Bilby RE, Schindler DE, Helfield JM (2002) Pacific salmon, nutrients, and
the dynamics of freshwater and riparian ecosystems. Ecosystems, 5, 399–417.
Neave F (1953) Principles affecting the size of pink and chum salmon populations in
British Columbia. Journal of the Fisheries Board of Canada, 9, 450–491.
Parker G, Wilcock PR, Paola C, Dietrich WE, Pitlick J (2007) Physical basis for quasiuniversal relations describing bankfull hydraulic geometry of single-thread gravel

fur Wasserbau und Chiffbau, 26, 1–26.
Sloat MR, Reeves GH, Christiansen K (2015) Basin-scale availability of salmonid
spawning gravel is more sensitive to wood loss than to increases in mean annual
flood disturbance in Tongass National Forest, Alaska. In: Proceedings of the Third
International Conference on Wood in World Rivers (eds Picco L, Lenzi MA, Bertoldi
W, Comiti F, Rigon E, Tonon A), pp. 27–29. Cooperativa Libraria Editrice Univer-

bed rivers. Journal of Geophysical Research: Earth Surface, 112, 2003–2012.
Paustian SJ (2010) A channel type user’s guide for the Tongass National Forest, southeast Alaska R10-TP-26 USDA Forest Service, Alaska Region, Juneau, AK, 179 pp.
Quinn TP (2011) The Behavior and Ecology of Pacific Salmon and Trout. UBC Press, Vancouver, BC.
Radic V, Clarke GKC (2011) Evaluation of IPCC models’ performance in simulating
late-twentieth-century climatologies and weather patterns over North America.

sita di Padova, Padova, Italy.
Swanston DN (1974) The Forest Ecosystem in Southeast Alaska, Soil Mass Movement.
U.S.D.A., Forest Service General Technical Bulletin, PNW-17, 21 pp.
Tiegs SD, Levi PS, R€
uegg J, Chaloner DT, Tank JL, Lamberti GA (2011) Ecological
effects of live salmon exceed those of carcasses during an annual spawning migration. Ecosystems, 14, 598–614.
Walsh JE, Chapman WL, Romanovsky V, Christensen JH, Stendel M (2008) Global cli-

Journal of Climate, 24, 5257–5274.
Reeves GH, Benda LE, Burnett KM, Bisson PA, Sedell JR (1995) A disturbance-based
ecosystem approach to maintaining and restoring freshwater habitats of evolutionarily significant units of anadromous salmonids in the Pacific Northwest. In: Evolution and the Aquatic Ecosystem: Defining Unique Units in Population Conservation
(ed. Nielsen JL), pp. 334–349. American Fisheries Society, Bethesda, MD.

mate model performance over Alaska and Greenland. Journal of Climate, 21, 6156–
6174.
Whiting PJ, Stamm JF, Moog DB, Orndorff RL (1999) Sediment transporting flows in
headwater streams. Geological Society of America Bulletin, 111, 450–466.
Williams GP (1978) Bankfull discharge of rivers. Water Resources Research, 14, 1141–
1154.

Reeves GH, Bisson PA, Dambacher JM (1998) Fish communities. In: River ecology and
management: lessons from the Pacific coastal ecoregion (eds Naiman RJ, Bilby RE), pp.
200–234. Springer Verlag, New York
Salo EO (1991) Life history of chum salmon (Oncorhynchus keta). In: Pacific Salmon Life
Histories (eds Groot C, Margolis L), pp. 231–309. UBC Press, Vancouver, BC.
Sandercock FK (1991) Life history of coho salmon (Oncorhynchus kisutch). In: Pacific Salmon Life Histories (eds Groot C, Margolis L), pp. 395–445. UBC Press, Vancouver, BC.

Wilson MF, Halupka KC (1995) Anadromous fish as keystone species in vertebrate
communities. Conservation Biology, 9, 489–497.
Wood-Smith RD, Buffington JM (1996) Multivariate geomorphic analysis of forest
streams: implications for assessment of land use impacts on channel condition.
Earth Surface Processes and Landforms, 21, 377–393.
Zynda T (2005) Development of Regional Hydraulic Geometry Relationships and
Stream Basin Equations for the Tongass National Forest, Southeast Alaska. Mas-

Scheuerell MD, Hilborn R, Ruckelshaus MH, Bartz KK, Lagueux KM, Haas AD, Rawson K (2006) The Shiraz model: a tool for incorporating anthropogenic effects and

ter’s Thesis. Michigan State University, Lansing MI.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 604–620

