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Abstract

Pacific salmon spawning and rearing habitats result from dynamic interactions among geomorphic processes, natu-
ral disturbances, and hydro-climatological factors acting across a range of spatial and temporal scales. We used a 21-
year record of redd locations in a wilderness river network in central Idaho, USA, to examine which covariates best
predict the spawning occurrence of Chinook Salmon Oncorhynchus tshawytscha and how shifts under a changing cli-
mate might affect habitat availability. We quantified geomorphic characteristics (substrate size, channel slope, and
valley confinement), climatic factors (stream temperature and summer discharge), wildfire, and conspecific abundance
(as inferred by the number of redds) throughout the network. We then built and compared logistic regression models
that estimated redd occurrence probability as a function of these covariates in 1-km reaches throughout the network
under current and projected climate change scenarios. Redd occurrence was strongly affected by nearly all of the
covariates examined. The best models indicated that climate-driven changes in redd occurrence probabilities will be
relatively small but spatially heterogeneous, with warmer temperatures increasing occurrence probabilities in cold,
high-elevation reaches and decreasing probabilities in warm, low-elevation reaches. Furthermore, positive effects of
wildfire on redd occurrence may be more important than climate-driven effects on stream temperature and summer
discharge, although climate-related changes in temperature and scour regime during the egg incubation period may
influence survival to emergence. Our results identify where favorable spawning habitats are likely to exist under cli-
mate change, how future habitat distributions may differ from contemporary conditions, and where habitat conserva-
tion might be prioritized. Furthermore, the positive occurrence—abundance relationship we observed indicates that the
study site is underseeded, and effective management actions are needed for increasing the recruitment of spawning
adults to take advantage of available habitat.

After European settlement, the distribution and abun- declined due to habitat degradation, migration barriers,
dance of salmon Oncorhynchus spp. and steelhead O. overharvest, and interactions with nonnative fishes (NRC
mykiss in the Pacific Northwest of North America 1996; Lee 1997). Subsequent recovery efforts have been
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manifold and expensive, including protection under the
Endangered Species Act of 1973 and the investment of
mitigation funding from major hydroelectric dam projects
(NPCC 2019). However, broad salmon recovery has
remained elusive, with many populations persisting at
abundances far below historical levels (Thurow et al.
2020). Moving forward, successful conservation will
require careful spatial prioritization based on the distribu-
tion and abundance of suitable habitat, especially habitat
used for spawning (Isaak and Thurow 2006; Peterson
et al. 2013).

Mature salmon migrate from the ocean to their natal
freshwater streams, where adult females excavate streambed
nests (redds) in which the adults spawn and the fertilized
eggs develop. The quality of salmon spawning and rearing
habitat is affected by a variety of physical factors, including
channel morphology, stream temperature, flow depth,
velocity, hyporheic flow, and substrate size (e.g., Beechie
et al. 2008). Egg development and fry survival are sensitive
to the degree of fine-sediment infiltration (Chapman 1988;
Jensen et al. 2009), scouring flows (Montgomery et al.
1996), water temperature (Richter and Kolmes 2005), and
oxygen concentration as influenced by hyporheic exchange
(Greig et al. 2007; Tonina and Buffington 2009). Where nat-
ural fire regimes are intact, wildfire may contribute new and
transient high-quality habitat patches resulting from peri-
odic post-fire debris flows that recruit wood and sediment
from upstream watersheds (Flitcroft et al. 2016), despite
short-term negative effects on stream habitat (Minshall
et al. 1990; Minshall 2003). Climate change is altering many
of these factors (Luce et al. 2013; Jolly et al. 2015; Isaak
et al. 2018), producing shifts in species distributions (Lynch
et al. 2016) that can challenge conservation efforts focused
on current habitat distributions. Increasing water tempera-
tures are predicted to cause habitat loss for stream fishes as
lower-elevation areas warm (Lynch et al. 2016), although in
some cases those losses can be offset by warming of
upstream sites that were previously below thermal optima
(Isaak et al. 2016). In addition, climate change can alter
stream habitat quality due to changes in streamflow regime
(Wenger et al. 2011) and disturbances associated with fire
and debris flows (Goode et al. 2012; Flitcroft et al. 2016).

A complicating factor is that salmon habitat use may
vary depending on the abundance of annually returning
salmon, which is affected by out-of-basin factors, such as
ocean productivity and migration mortality (Crozier et al.
2019). Female salmon are territorial, so during years with
higher adult returns, breeding expands into previously
unoccupied sites (Isaak and Thurow 2006). Thus, varia-
tion in conspecific density may shift occupancy—environ-
ment relationships (Falcy 2015).

Although the effects of many covariates on salmon are
well established in isolation, their relative importance and
joint effects in driving variation in spawning distributions

across landscapes are less well established. Probabilistic
species distribution models are powerful tools for assessing
the joint effects of covariates, quantifying the roles of
habitat conditions on species, and predictively mapping
occurrence probabilities across large domains (Elith and
Leathwick 2009). Coupling species distribution models
with large data sets from ongoing monitoring programs
(e.g., Roper et al. 2019; Thurow et al. 2020) and improved
geospatial representations of stream habitat (Hill et al.
2016; Isaak et al. 2017) creates new opportunities to better
quantify salmon habitat relationships and to understand
or plan for the effects of climate change.

In this study, we examined the distribution of Chinook
Salmon O. tshawytscha redds throughout the Middle Fork
Salmon River (MFSR) in central Idaho (Figurel). The
MFSR populations of Chinook Salmon were first listed as
“threatened” under the Endangered Species Act in 1992
(NOAA 1992) and have been the focus of extensive recov-
ery efforts. Several physical and biological research pro-
grams have produced detailed geospatial data sets for the
MFSR basin that can be used to evaluate redd occurrence
as a function of environmental conditions over space and
time. The MFSR is relatively unaltered by humans and
hosts an almost exclusively wild (albeit depleted) Chinook
Salmon population (Thurow et al. 2020). Hundreds of
kilometers of intact Chinook Salmon spawning streams
flow through the MFSR watershed, the bulk of which
occurs within the Frank Church River of No Return
Wilderness (Thurow et al. 2020). Our goal was to model
the relationships between Chinook Salmon spawning loca-
tions and habitat covariates across a range of interannual
variation in spawner abundance for all accessible stream
reaches in the MFSR. After developing models to describe
those relationships, we used the models to predict redd
occurrence probabilities and assessed the potential effects
of changes in summer stream temperature and discharge
under two future climate scenarios.

METHODS

Redd surveys.— Annually from 1995 through 2015,
individual redd locations were georeferenced with a GPS
unit at the end of the spawning season. Redd surveys were
conducted via low-altitude helicopter flights (Thurow
2000) supplemented by ground-based surveys conducted
by a collaborative group of experienced biologists with the
Idaho Department of Fish and Game (IDFG),
Shoshone-Bannock Tribes, Nez Perce Tribe, and U.S.
Forest Service (USFS). Together, these surveys employed
a spatially continuous sampling design (Fausch et al.
2002) replicated annually along a 777-km subset of the
MFSR stream network, encompassing all potential Chi-
nook Salmon spawning habitats within the 7,330-km?
MFSR watershed (Figure 1). Streams that were deemed
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FIGURE 1. Map of the Middle Fork Salmon River (MFSR) in central
Idaho. The 1:100,000-scale stream reaches are shown in light gray (Nagel
et al. 2017), with reaches surveyed annually for Chinook Salmon redds
overlain in black, where line width scales with the log of upstream
drainage area. Gray polygons represent 12-digit hydrologic unit code
subbasins that overlap the surveyed portion of the stream network; white
polygons are areas that do not overlap. Overall, 772 individual reaches
comprise the surveyed (black) network. The inset map (39-54°N,
105-126°W) shows the location of the MFSR watershed (dark-gray
polygon) within the Columbia River basin (light-gray polygon), with
major tributaries, including the upper Columbia, Snake, and Salmon
rivers, drawn in black.

inaccessible to Chinook Salmon due to small size and
steep slopes were omitted from the survey area (Thurow
2000; Isaak and Thurow 2006). The resulting multi-deca-
dal Chinook Salmon redd database is unique in its combi-
nation of fine spatial detail and large spatial and temporal
extent. Georeferenced redd locations were snapped to the
stream network depicted on the 1:100,000-scale National
Stream Internet (Nagel et al. 2017), which divides the net-
work at confluences with further division into approxi-
mately 1-km reaches (stream reaches in our network
averaged 1km in length, with an SD of 0.7km). Each
reach was classified by the presence or absence of redds
during each year.

Geomorphic covariates.— Redd occurrence was consid-
ered in relation to three geomorphic characteristics: median

substrate size (Dsg), channel slope (S), and valley confine-
ment (V). Spatial variation in substrate size within and
between stream reaches is a primary control on spawning
habitat because the size of sediment that a female salmon
can move while excavating a redd is limited by her body
size (Kondolf and Wolman 1993); conversely, substrate
that is too fine provides poor habitat for egg and fry survi-
val (Chapman 1988; Jensen et al. 2009). Consequently, we
hypothesized that Chinook Salmon redd occurrence would
exhibit a unimodal relationship with substrate size, indicat-
ing an optimal value and avoidance of finer or coarser sub-
strates. Median substrate size was used as a first-order
estimate of bed material in each reach, although it is recog-
nized that the extent of suitable spawning substrate addi-
tionally depends on the SD of the substrate size
distribution (and thus the amount of unsuitable coarse/fine
material) (Riebe et al. 2014) and the degree to which the
reach is organized into textural patches (mesoscale sub-
strate heterogeneity) (Buffington and Montgomery 1999).
River slope is another primary geomorphic control on sal-
monid spawning habitat because lower stream slopes
(<3%) are characterized by gravel- and cobble-bed streams
that have beneficial fine-scale habitat conditions, while stee-
per, boulder-bed streams are generally avoided (Montgom-
ery et al. 1999). Consequently, we expected a negative
relationship between Chinook Salmon redd occurrence and
S. The third geomorphic control on spawning habitat is
valley confinement, which is the lateral extent of the valley
floor and floodplain adjacent to the stream. Chinook Sal-
mon in the study area commonly spawn in unconfined val-
leys (Isaak and Thurow 2006; Goode et al. 2013) because
of (1) extensive floodplains that allow overbank flooding,
which reduces mortality of incubating embryos from
streambed scour (Goode et al. 2013; McKean and Tonina
2013); (2) off-channel habitat that provides refuge during
rearing; (3) complex hyporheic exchange and associated
benefits during incubation (Baxter and Hauer 2000); and
(4) lower-gradient channels that contain more extensive
habitat patches than steeper, confined reaches (Stanford et
al. 2005). Thus, we hypothesized that Chinook Salmon
redds would be more likely to occur in unconfined reaches.
We also hypothesized that ¥ would modify the effects of
other covariates; specifically, we expected stronger effects
of Dsy on redd occurrence in unconfined valleys because of
other beneficial characteristics of such environments, as
described above.

We predicted reach-average D5y values from a 10-m
digital elevation model (USGS 2006) following the meth-
ods of Buffington et al. (2004) tailored to field data
obtained from 120 sites in the basin. Stream reaches and
slopes were defined between 12.192-m (40-ft) contour
crossings on 1:24,000-scale topographic maps, with digital
stream lines obtained from the National Hydrography
Dataset (USGS 2010). Reach average D5y and S were thus
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determined for stream segments of variable length ranging
from less than 100 m to several kilometers depending on
the frequency of contour crossings. Overlap of the 1-km
reaches with buffer polygons derived from the above
1:24,000-scale network of variable segment lengths was
used to calculate average (weighted by overlapping stream
length) S and Dsq values for each 1-km reach. Valley con-
finement was predicted from the approach of Nagel et al.
(2014) and used to determine the proportion of each 1-km
reach that ran through unconfined valleys. Valley confine-
ment was treated as a binary variable, wherein 1-km
reaches overlapping unconfined valleys by more than 50%
of their length were considered “unconfined” (V' = 1). The
three geomorphic covariates (Dsy, S, and V) were spatially
variable but temporally constant in our analysis.

Climate covariates.— We considered the effects of
stream temperature (7) and summer discharge (Q; a surro-
gate for wetted stream width) on the occurrence of redds
within reaches. Because MFSR streams occur at high ele-
vation and span a wide range of temperatures, Chinook
Salmon habitat suitability may be limited by cold temper-
atures at high eclevations and warm temperatures at low
elevations (range =4.4-17.8°C; Richter and Kolmes 2005).
Similarly, stream size may impose physical limits on
spawning habitat availability; small streams (e.g., bank-
full width <8 m; Isaak and Thurow 2006) will be inaccessi-
ble to large-bodied adult Chinook Salmon, whereas large
streams may have unfavorable hydraulic conditions for
spawning (e.g., Moir et al. 2006). Consequently, we
hypothesized that redd occurrence would exhibit a uni-
modal relationship with both stream temperature and
summer discharge, indicating an intermediate optimum
for spawning.

To represent contemporary spatial variation in 7, we
used a pre-existing stream temperature scenario quantify-
ing mean August stream temperatures for 1993-2011
(Isaak et al. 2017), which was downloaded from the Nor-
WeST Web site (https://www.fs.fed.us/rm/boise/ AWAE/pro
jects/NorWeST.html). To represent interannual variation
in stream temperature, we calculated the deviation (AT)
of each year’s predicted mean August temperature from
the 1993-2011 average and applied this deviation to all
reaches in that year. The annual difference from the study-
wide mean August temperature (i.e., AT) ranged from
—0.7 to 0.9°C, with a mean of 0°C and an SD of 0.5°C.
Since reaches on the cold-edge (or warm-edge) margins
would be more (or less) likely to support redds in warmer
years, we considered an interaction between 7 and AT in
the model.

To represent contemporary spatial variation in Q, we
used a pre-existing streamflow scenario representing mean
summer discharge for 1977-1997 (Wenger et al. 2010),
which was downloaded from the Western U.S. Stream
Flow Metrics Web site (USFS, Rocky Mountain Research

Station [RMRS]; https://www.fs.fed.us/rm/boise/AWAE/
projects/modeled_stream_flow_metrics.shtml). “Summer”
was defined as the time period between (1) the first day
after June 1 when flows were lower than the mean annual
value for the reach and (2) September 30 (Wenger et al.
2010). This streamflow variable (used as a surrogate for
wetted stream size at the onset of spawning) varied spa-
tially among the 1-km stream reaches but was a constant
during the survey period.

Fire covariates.— We hypothesized that fires in the local
area surrounding each reach would initially degrade
spawning habitat due to decreased water quality (input of
ash and fine sediment) and elevated stream temperatures
(loss of vegetative shading) but that habitat would
improve in subsequent years due to an input of spawning
gravels and wood from post-fire debris flows. We focused
on local effects (5-km local watershed) because the effects
of post-fire debris flows are most pronounced at subbasin
confluences (where debris fans form) and within the first
several kilometers downstream of the confluence as the
pulse of gravel and wood disperses (Benda et al. 2003; M.
Lewicki, U.S. Bureau of Reclamation, J. M. Buffington,
R. F. Thurow, and D. J. Isaak, unpublished data). The
perimeters of burned areas within the MFSR from 1990
through 2016 were downloaded from the Monitoring
Trends in Burn Severity Web site (https://www.mtbs.gov/),
which provides data on the burn severity and extent of all
large fires in the United States (Eidenshink et al. 2007).
We then calculated the proportion of the local watershed
area for each reach that had burned within each year. We
defined the local watershed as that within a 5-km
upstream radius from the center of the reach, from which
we produced local watershed polygons using the Geodata
Crawler spatial data processing tool (Leasure 2014). We
used within-year local watershed burned area as the short-
term fire effects variable Fy. For longer-term fire effects,
we calculated the sum of the local area burned over mov-
ing-window 3- and 5-year periods (F; and Fjs, respec-
tively). These three local watershed fire variables varied
spatially by 1-km reach and temporally by year.

Annual redd abundance.— The numbers of adult Chi-
nook Salmon returning to the MFSR varied by two orders
of magnitude among years during the monitoring period,
which we hypothesized would influence reach-level redd
occupancy probability. To examine how habitat occu-
pancy probability responded to variation in broader-scale
redd abundance (an index of spawning run size), we quan-
tified three scales of annually varying redd abundance: the
whole MFSR basin (Nvrsr); the eight subwatershed-scale
populations recognized by the National Oceanic and
Atmospheric Administration’s Interior Columbia Basin
Technical Recovery Team (ICTRT 2003) that overlap our
surveyed network (Npop); and the 23 network segments
used by Isaak and Thurow (2006) to divide the core
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TABLE 1. Summary statistics for all environmental covariates included in Chinook Salmon redd occurrence models (min = minimum; max = maxi-

mum). Symbols are defined in the Methods section.

Variable Mean SD Median Min Max
Dso (mm) 51.3 16.2 49.3 13.6 122.1
log.(Dso) 3.884 0.338 3.897 2.607 4.805
S (%) 1.8 1.7 1.3 0.1 16.3
14 0.27 0.45 0 0 1
0 (m’/s) 272.3 442 .4 73.9 2.6 2,001.6
log.(0) 4.489 1.516 4.303 0.945 7.602
T (°C) 12.5 2.2 12.6 6.6 17.5
AT (°C) 0.0 0.5 -0.2 -0.7 0.9
Nursr (redds) 816 600 633 20 2,271
Npop (redds) 90 125 43 0 690
Nsgg (redds) 36 66 10 0 472
Fy (km?) 0.177 1.248 0 0 29.39
Fy (km?) 0.512 2.093 0 0 29.39
Fs (km?) 0.824 2611 0 0 29.39

network into roughly equal-sized segments, with divisions
placed near major tributary junctions (Nsgg). The Nygsr
variable represents the hypothesis that occurrence proba-
bility varies with redd abundance across the entire MFSR,
the Npop variable represents the hypothesis that occur-
rence probability varies with “regional” abundance of
redds in the local (ICTRT 2003) population, and the Nggg
variable represents the hypothesis that occurrence proba-
bility varies with “local” abundance of redds within the
network segments of Isaak and Thurow (2006). We also
tested interactions between each abundance covariate and
physical characteristics of slope and substrate size.

Model fitting and evaluation.— We used logistic regres-
sion models to estimate relationships between environmen-
tal covariates (Tablel) and Chinook Salmon redd
occurrence within reaches. We identified 20 hypotheses
from the variables described above (Supplement S1 avail-
able in the online version of this paper). Plausible combina-
tions of these hypotheses comprised a candidate set of 1,080
models that described occurrence probability as a function
of landscape habitat covariates (Supplement S2 available in
the online version of this paper). We evaluated these model
hypotheses using a common random effect structure for all
candidate models, where reach-specific deviations from
landscape habitat-redd occurrence relationships among 1-
km reaches were accounted for by incorporating nested ran-
dom intercepts for stream reaches within 12-digit hydrologic
unit code (HUC-12) subbasins (Figure 1; Seaber et al.
1987). This structure accounted for localized residual spatial
autocorrelation within and among HUC-12 subbasins, with
each containing between 2 and 24 contiguous surveyed
stream reaches (mean = 10.6 reaches; SD =5.1).

We fit all candidate mixed-effects logistic regression
models in R (R Core Team 2019) using maximum

likelihood estimation for comparison by Akaike’s informa-
tion criterion (AIC) using the R package glmmTMB to
leverage its faster speed over other functions used for
mixed-model fitting (Brooks et al. 2017). Models were
ranked based on the difference in AIC score between each
model i and the best-performing model (i.e., the model with
the lowest score, min[AIC]): AAIC;= AIC; — min(AIC).
Models with AAIC; less than 10 (our “confidence set”) were
re-fitted using the R package Ime4 (Bates et al. 2015) to
leverage that package’s internal model-fitting diagnostics
and established connections with related R packages. Diag-
nostic statistics were used to evaluate aspects of model fit
that are not described by AIC scores: (1) out-of-sample area
under the receiver operating characteristic curve (AUC)
statistic, which indicates model prediction performance and
transferability; (2) conditional and marginal R* values for
mixed-effects generalized linear models (Nakagawa et al.
2017), which indicate goodness of fit; (3) Kolmogorov D-
statistic, used to test for model missspecification based on
the distribution of quantile model residuals from the
DHARMa package (Hartig 2019); and (4) Moran’s I-statis-
tic, to test for residual spatial autocorrelation (in Euclidean
space; Hartig 2019). An 8-fold cross validation routine was
performed to calculate the out-of-sample AUC score, with
folds stratified by population (ICTRT 2003) to maintain the
HUC-based spatial structure in our random effects (sensu
Roberts et al. 2017). We evaluated variance inflation factors
for parameters in each model in our confidence set but
found no evidence of strong collinearity (Fox and Monette
1992). We used empirical Bayesian model averaging—also
called prediction averaging (as opposed to parameter aver-
aging)—to combine reach-level predictions from each of the
models in our confidence set, weighted by the corresponding
AIC weight for that model, using the package MuMIn
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(Bartén 2019). We used these model-averaged predictions
to describe the relationships between redd occurrence prob-
abilities and covariates by constructing response curves of
predictions across the observed ranges of covariate values.

Redd distribution forecasting in a changing climate.—
We used the same confidence set of models to evaluate how
redd occurrence probabilities across the MFSR network
would change under projected future climate scenarios.
Although climate is likely to affect a variety of environmen-
tal parameters, we focused on changes to 7" and summer Q,
holding other variables constant. Redd occurrence proba-
bilities were predicted for a baseline scenario using contem-
porary values of those covariates and compared with
expectations for 2040 and 2080 based on the Intergovern-
mental Panel on Climate Change (IPCC 2007) A1B emis-
sions trajectory (Wenger et al. 2010; Isaak et al. 2017). We
calculated model-averaged predictions of the reach-specific
probability of redd occurrence, unconditional on random
effects (i.e., ignoring random effects at the reach and HUC-
12 scales) for 2040 and 2080, assuming that other covariates
in the final model persisted at the temporal average
observed from 1995 to 2015 (e.g., Nmpsr = 816 redds; Fs=
0.82km?; and F,=0.18 km?). Other variables in the final
model (i.e., Dsg, S, and V) were invariant within a reach, so
we used those reach-specific values in our projections. We
also evaluated the predictions under the contemporary cli-
mate scenario with 1 SD in upstream burned area for the
5-year and within-year events to evaluate the sensitivity of
model predictions to fire variation.

To represent variation in habitat suitability across the
MFSR for current and future conditions, we defined a rel-
ative index of total habitat suitability (H7) following Wen-
ger et al. (2013) as the sum of the products of stream
reach lengths (Lj;) and unconditional, model-averaged
occurrence probabilities ( yy):

Hr=3% [A@L(,-)}, (1)

i=1

where i indexes the 772 reaches (~1 km each) in our data
set. The index H7 sums the distribution of predicted
spawning habitat across the stream network into a sum-
mary metric for the basin, contingent on the limitations
of our data set, such as low observed escapements
(Thurow et al. 2020). We emphasize that H7 is a measure
of redd occurrence probability as a function of landscape
covariates, dependent on observed Chinook Salmon den-
sities, which we assume to be a reflection of habitat suit-
ability. Furthermore, Hr is a relative index because it is a
function of predicted habitat occupancy, which in our
model varies annually with the number of returning Chi-
nook Salmon. To visualize how environmental changes
may shift the distribution of redds within the basin under
a changing climate, we plotted the accumulation of Hp

with elevation and distance upstream for contemporary
conditions (with and without observed variation in
burned area) and for the 2040 and 2080 climate change
projections. Additionally, we calculated and plotted eleva-
tions and distances where the S5th, 50th, and 95th per-
centiles of Hy occurred for each scenario. Elevation was
measured in meters from sea level, and distance was mea-
sured in kilometers upstream from the outlet of the sur-
veyed network.

RESULTS

The final data set consisted of 15,614 presence/absence
records (out of a possible 16,212) across the surveyed net-
work over 21 years. We removed 578 records for reaches
that were not sampled in years when adverse conditions,
such as high winds or wildfire, prohibited helicopter flights
over part of the basin or when turbid water from storms and
debris flows inhibited redd visibility. We removed 20 addi-
tional records that were missing hydrological data. Twelve
models had AIC scores within 10 units of the best model,
comprising our confidence set (Supplement S2), from which
we derived weighted average predictions of redd occurrence.
Additional model diagnostics (Table2) indicated that all
models in the confidence set performed well. The AUC
scores were all near 0.8, indicating good model fit. Generally
high conditional R? values near 0.73 indicated that the ran-
dom effects strongly influenced variation in redd occurrence,
but marginal R” values near 0.42 showed that main effects
also explained a considerable amount of the variation in
redd occurrence. The P-values for Kolmogorov—Smirnov D
and Moran’s [ indicated that models were not misspecified,
and only one model showed significant residual spatial auto-
correlation (model 5: P[I] = 0.045).

Covariate Effects

Across our model-averaged predictions, the occurrence
of redds was a unimodal function of the mean stream tem-
perature in August (7), reaching its maximum at 13.4°C
and declining at higher and lower temperatures (Fig-
ure 2A). Interannual temperature variation (A7) had no
appreciable effect on this relationship. Instead, there was a
very slight increase in redd occurrence during years when
mean temperatures were higher and a very slight decrease
when temperatures were cooler (black versus light-gray
curves in Figure 2A), which did not conform to our a
priori expectation (Supplement S1). Redd occurrence in
confined valleys showed a weak negative response to fire
in the short term (within-year effects, F,) and a positive
response to fire during the preceding 5 years (Fs; Fig-
ure 2B, C). Results were modulated by valley confinement,
with higher probability of redd occurrence in unconfined
channels. Redd occurrence in unconfined valleys exhibited
a similar short-term response but showed a stronger
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FIGURE 2. Probability of Chinook Salmon redd occurrence as a function of (A) stream temperature (7), (B) within-year fire extent in the local 5-km
watershed (Fj), (C) 5-year fire extent in the local watershed (Fs), (D) mean summer discharge (Q; a surrogate for wetted stream size during spawning),
(E) median substrate size (Dsp) in confined valleys (V'=0), (F) median substrate size in unconfined valleys (V'=1), (G) the abundance of redds
(NmEsr; year-specific basinwide Chinook Salmon redd count [MFSR = Middle Fork Salmon River]) in unconfined valleys (V' =1), (H) the influence of
redd abundance on the substrate size effect in confined valleys, and (I) the influence of redd abundance on the substrate size effect in unconfined
valleys. Dashed lines in panels A—G are 95% confidence intervals of the mean (solid lines). Response curves are evaluated at the average of all other
covariates, except as indicated by line color or plot labels. Panel A shows responses evaluated at 1 SD below average (light gray), average (dark gray),
and 1 SD above average (black) interannual temperature variation. Panels B-1 show responses evaluated for confined valleys (gray) and unconfined
valleys (black). Panels H and I show responses evaluated at mean redd abundance (816 redds), 1 SD below the mean (216 redds), 1 SD above the
mean (1,417 redds), and 2 SDs above the mean (2,017 redds). Note that the lines representing responses at 816 redds in panels H and I are identical
to the solid lines in panels E and F, respectively.

positive response to fire during the preceding 5 years (Fig- during spawning), as expected, reflecting lower suitability
ure 2B, C). Redd occurrence was also a unimodal function of large and small channels compared to an optimum
of mean summer Q (a surrogate for wetted stream size channel size (near 2 m%/s; Figure 2D).
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FIGURE 3. Maps describing redd occurrence across potential Chinook Salmon spawning habitats in the Middle Fork Salmon River (MFSR), Idaho:
(A, O) occurrence probability (P) depicted in terms of the observed proportion of years in which each reach was occupied by redds in the data set
(panel A) and model-averaged prediction of P derived from the fixed-effect habitat-redd occurrence relationships in our top models (ignoring spatial
random effects) under contemporary environmental conditions (panel C); and (B, D) predictions of the change in model-averaged P (AP) between
contemporary conditions and those under climate change projections for 2040 (panel B) and 2080 (panel D), downscaled to the MFSR from the A1B
climate scenario (IPCC 2007). Occurrence probability in panels A and C scales with shading and size, where darker, larger line segments denote
higher P. Change in P (AP) with climate change is the difference in P between contemporary and projected conditions, such that negative AP values
indicate predicted reductions in occurrence rate and positive values indicate increases. Values of AP in panels B and D scale with size and color from

red (20% reduction) to gray (no change) to blue (20% increase).

Reaches were more likely to contain redds if they had
D5y values near 25 mm (Figure 2E, F). This pattern was
qualitatively similar for both confined and unconfined val-
leys; however, redd occurence in unconfined valleys was
more sensitive to variation in substrate size than in con-
fined valleys, and there was a slightly greater predicted
probability of redd occurrence in unconfined valleys for
the optimal substrate size (Dsy ~25mm; Figure2E, F).

Confined reaches showed substantial uncertainty in the
probability of redd occurrence near the optimal substrate
size, which attenuated gradually with larger substrate sizes
and lower probability of occurrence (Figure 2E). In con-
trast, unconfined reaches showed a more precise relation-
ship (smaller confidence interval) between redd occurrence
and substrate size at smaller Dsy values (<75 mm; Figure
2F). The inclusion of Chinook Salmon abundance and its
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FIGURE4. Cumulative distributions of H; (length of stream weighted by the probability of occurrence of Chinook Salmon redds) in the Middle
Fork Salmon River as a function of (A) distance upstream (km) and (B) elevation (m above sea level) for contemporary stream temperatures and
mean summer flows (navy blue line) compared to those predicted for 2040 (purple line) and 2080 (gold line) using the A1B climate scenario (IPCC
2007). The gray band around the contemporary curve indicates the prediction space associated with 1 SD in the within-year (/) and 5-year (Fs) fire
variables for contemporary conditions, which were used to assess the relative effects of climate-driven changes in stream temperature and streamflow
versus variation in fire under current climate conditions. Dot-and-whisker plots at the top of each panel show the location on the x-axis of the median
and 95th percentile range of Hy, plotted on the y-axis at the total cumulative value of Hy for that scenario.

interaction with substrate size in our top models (Table 2)
indicated that the probability of redd occurrence for a
given reach increased with conspecific abundance (main
effect of Nyrsr; Figure 2G) and that the increase was lar-
gest at substrate sizes below 75 mm (Nypsr X Dso; Figure
2H, I). Importantly, all top models contained the whole-
basin-scale conspecific abundance variable, Nypsgr, indi-
cating that this variable better explained variation in redd
occurrence rates compared to the smaller-scale conspecific
abundance variables (Npop and Nggg) that we considered.

Redd Habitat Distribution

We predicted the spatial distribution of Chinook Sal-
mon spawning habitat from our fitted relationships
between landscape variables and observed occurrence—
without conditioning on our spatial random effects—for
contemporary, 2040, and 2080 scenarios. We calculated
the weighted average unconditional model predictions
from all models in our confidence set by using AIC
weights. In the contemporary scenario, these predictions
identified many of the high-occurrence areas observed in
our data, although some tributaries experienced higher
observed occurrence rates than our model predicted and
many main-stem reaches experienced lower occurrence
rates than predicted (Figure 3A, C). Likewise, differences
between the predicted occurrence probabilities in the

contemporary scenario versus those in the 2040 and 2080
scenarios were spatially heterogeneous (Figure 3B, D).
Increases in redd occurrence probability were predicted
among the furthest upstream reaches of the surveyed area,
and progressive declines in occurrence probability were
predicted along the lower main stem and higher-order
tributaries compared to current conditions, with effects
becoming more pronounced from 2040 to 2080 (Figure 3).
Interestingly, some of the habitats with the largest
observed contemporary redd occurrences (e.g., Bear Valley
Creek, the furthest southwest tributary on the maps) were
predicted to have lower occurrence probabilities in 2040
and 2080.

The predicted effects of climate change were, overall,
fairly small, with H7 increasing slightly in 2040 but
decreasing by 2080 (Figure 4). Decreases in H7 were most
pronounced at low to mid-elevations (and distances), but
upstream reach-level occurrence probabilities tended to
increase under future climate scenarios, somewhat com-
pensating for downstream losses. The variation in Hp
caused by variation in fire effects was small at low eleva-
tions (and distance) but increased with increasing elevation
(and distance) such that the effects of both of our climate
change scenarios on whole-basin Hp fell within the range
expected for contemporary interannual fire variability.
However, it should be emphasized that the fire-related
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uncertainty in redd occurrence depicted in Figure4 is
cumulative, such that (1) the difference between high and
low bounds necessarily increases across the x-axis and (2)
weaker (or stronger) fire effects of individual reaches slow
(or accelerate) that increase. The close proximity of termi-
nal Hp values for all scenarios in Figure4 (i.e., within the
range of cumulative uncertainty in the contemporary sce-
nario due to fire) suggests that the basinwide effects of cli-
mate-driven changes in stream temperature and
streamflow could be eclipsed by slight changes in fire
regime.

DISCUSSION

Chinook Salmon redd occurrence was influenced by
hydrogeomorphic features, streamflow, stream tempera-
ture, conspecific abundance of spawning Chinook Sal-
mon, and fire dynamics across the MFSR, a large
watershed of highly connected stream reaches that are
minimally influenced by anthropogenic activities. The
effects of stream temperature and stream size were mod-
est compared to the effects of substrate size and valley
confinement. Furthermore, our analyses indicated that
variation in fire extent may be more influential than the
moderate changes in stream temperature and flow condi-
tions expected with climate change. Given that the extent
and severity of wildfires in the study area will likely con-
tinue to increase under a warming climate (Westerling
et al. 2006), post-fire increases in sediment yield and
wood recruitment may be the dominant effects of future
climate change on Chinook Salmon spawning habitats in
the MFSR, with relatively little effect of changes in
stream temperature and streamflow during the spawning
period. However, climate-driven changes in streamflow
variables that were not considered in our analysis, such
as scour regime during embryo incubation, could affect
Chinook Salmon habitat in the basin (Goode et al.
2013). These possible effects warrant further investiga-
tion.

Time-Invariant Effects

In our top models, substrate size and valley confine-
ment strongly affected Chinook Salmon redd occurrence
and interacted with other variables to further influence
redd occurrence (Table 2). We observed a strongly unimo-
dal relationship between redd occurrence and substrate
size, indicating an optimal intermediate value. However,
the optimal substrate size (Dsp = 25 mm) was near the
bottom of the range of preferred sizes reported in the lit-
erature for large-bodied salmonids (Kondolf and Wolman
1993). One might expect that small, marginal substrate
sizes might be tolerated in unconfined valleys due to other
ecological benefits (Supplement S1), but we found that
redd occurrence probability was highest at Dsq = 25 mm

in both unconfined and confined valleys (Figure 2E, F).
We are unsure why the fish consistently selected reaches
with small substrate sizes, particularly in confined valleys,
which magnify flood flows compared to unconfined flood-
plain rivers (Baxter and Hauer 2000; Goode et al. 2013)
and should therefore elevate the scour risk of incubating
embryos. However, our use of reach-average median sub-
strate size neglects substrate size variation (Riebe et al.
2014) and the occurrence of textural patches within a
reach (Buffington et al. 2004). Consequently, redds in the
study area may be within patches with a larger substrate
size than was indicated by the reach-scale prediction of
DSO.

Temperature

Our results indicated an optimum stream temperature
of around 14°C but little effect of interannual temperature
variation (Figure 2A), suggesting that average stream tem-
perature is a stronger control on redd occurrence or that
natal homing constrains the response to interannual vari-
ability. This may seem unsurprising because the SD of
interannual temperature among years was only 0.5°C;
however, even small changes in mean temperature can
strongly affect the timing of intra-annual temperature vari-
ation. Salmon populations are generally thought to
respond to temperature variation by changing the timing
of spawning (Heggberget 1988; Schindler et al. 2010)
rather than by changing location, which would be consis-
tent with our observations. Isaak et al. (2017) found no
strong negative effect of high stream temperature (up to
22°C) on Chinook Salmon occurrence, possibly due to
wide intra-annual variation in temperatures that allowed
most streams to experience optimal spawning temperatures
but at different times of the year. Our results suggest a
decline in occupancy probability in reaches with mean
August stream temperatures less than 12°C or greater than
16°C in the MFSR; however, the uncertainty in this rela-
tionship is high, especially at warmer temperatures (Fig-
ure 2A). If optimal thermal conditions occur at some
point during the spawning season, mean August tempera-
ture may be less important than phenology or other physi-
cal variables, such as substrate, water depth, and velocity,
for determining where females excavate redds (Lisi et al.
2013).

Flow

Average stream discharge in the Pacific Northwest is
predicted to decline with climate change, mostly due to
changes in precipitation patterns and reduced snowpack
(Hamlet et al. 2013). However, predictions for the study
area are more nuanced; the magnitude of high flows is
expected to increase with climate change, while the magni-
tude of summer low flows is predicted to decline (Goode
et al. 2013). Our results suggested that even within the
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surveyed network, where all streams are thought to be
accessible by Chinook Salmon, the lowest discharge
(smallest) streams are less likely to be occupied by spawn-
ing fish (Figure 2D). Furthermore, the climate projections
used in our analysis predicted declines in mean summer
discharge that were too small to reduce occurrence proba-
bilities appreciably among the smaller upstream tributaries
in our network (Figures3 and 4). However, we did not
consider intra-annual variation in discharge, which might
differentially affect early arriving Chinook Salmon spawn-
ers. Likewise, we did not consider the number and severity
of scouring flow events during the winter egg incubation
period, which are expected to increase under climate
change scenarios, with negative effects for fall-spawning
salmonids (Wenger et al. 2010; Goode et al. 2013).

Fire

Our work supports a growing body of literature show-
ing the benefits of high-quality, highly connected habitats
and natural fire regimes for salmon. Fire is integral to the
shifting habitat mosaic concept in large rivers (Kleindl
et al. 2015), which drives riverine habitat patch dynamics
in space and time (Stanford et al. 2005). Natural fire
regimes have an overall positive effect on Pacific salmon,
although there is often a mix of positive and negative
effects that take time to manifest through ecological and
geomorphological processes (Flitcroft et al. 2016). In the
short term, effects of fire on stream ecosystems are typi-
cally negative (Minshall 2003) and our results support this,
although only weakly (Figure 2B). The lack of strong neg-
ative responses to local fire in the MFSR may be a func-
tion of the “wilderness” designation that covers over 95%
of the basin (and a corresponding lack of human-driven
landscape alteration), resulting in a more natural fire
regime that may moderate burn severity and create diverse
habitat (Parks et al. 2014). Longer-term positive fire
effects (Figure 2C) are likely the result of post-fire debris
flows that input gravel and large wood from the surround-
ing landscape (Benda et al. 2003; Dunham et al. 2003;
Goode et al. 2012; Flitcroft et al. 2016; Lewicki and col-
leagues, unpublished data). We found a stronger positive
relationship between fire and Chinook Salmon redd occur-
rence in unconfined valleys than in confined valleys, possi-
bly reflecting the general tendency for lower-gradient,
more sinuous reaches to retain inputs of post-fire sediment
and wood longer than confined valley reaches, which are
relatively steeper, narrower, and less sinuous. Others have
reported that post-fire sediment inputs can be routed
through steep, confined valley reaches within 5-10 years
(Lewicki and colleagues, unpublished data), while sedi-
ment pulses in lower-gradient, unconfined rivers may per-
sist for decades (Megahan et al. 1980; Madej and Ozaki
1996). Nevertheless, the periodic creation of transient
spawning habitat in steep, confined valleys via post-fire

debris flows may be particularly important given the over-
all paucity of spawning habitat in such environments.
During the 21 years of redd surveys evaluated here, there
were documented examples of Chinook Salmon spawning
in new gravel patches deposited by post-fire debris flows
(R.F.T. and J.M.B., unpublished data), demonstrating a
dynamic response of redd occurrence to wildfire.

Conspecific Abundance

We found that Chinook Salmon redds tend to occur
in a larger number of reaches when run sizes are larger,
as has been noted previously in this system (Isaak et al.
2003; Isaak and Thurow 2006). Such colonization of new
habitats could be interpreted as habitat selection behavior
motivated at the individual level by density-dependent
competition for habitat (Fretwell and Lucas 1970). How-
ever, contemporary Chinook Salmon abundance in the
MEFSR is a small fraction of historical abundances, and
habitat has remained abundant, high quality, and intact
(Thurow et al. 2020), so intra-specific competition is not
likely to be strong. As noted above, Chinook Salmon in
the MFSR have also demonstrated the capacity to colo-
nize new post-fire debris flow deposits, sometimes in loca-
tions many kilometers from the nearest prior spawning
gravels (R.F.T. and J.M.B., unpublished data)—an obser-
vation that is consistent with our finding of net positive
responses to fire. At currently low population densities,
the positive occurrence—abundance relationship and new
patch colonization observations may be the result of den-
sity-independent homing and straying behaviors. Natal
homing in Pacific salmonids can lead to differentiation
among populations that return to distinct areas (Schind-
ler et al. 2010), while straying allows genetic exchange
among subpopulations that can contribute to genetic
diversity and metapopulation stability (Neville et al.
2007; Keefer and Caudill 2014). Interestingly, neither
homing/straying nor habitat selection, each of which is a
localized process, explains why whole-basin abundance of
Chinook Salmon outperformed the finer-scale abundance
variables. One possibility is that synchrony in redd
counts among subpopulations across the MFSR (Isaak
et al. 2003) yields subbasin-scale variation in salmon
abundance that, for all subbasins, mirrors the variation
in abundance at the whole-basin scale such that using
local subbasin counts adds no explanatory power over
whole-basin counts.

We have shown that interannual variation in Chinook
Salmon redd occurrence across the MFSR can be
explained by spatially or annually varying environmental
conditions and conspecific abundance. However, intra-an-
nual processes (e.g., phenology) are also important for sal-
mon population dynamics and their response to
environmental variation and change. Chinook Salmon life
history portfolios (including spawning temperature or
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spawn timing preferences) may differ substantially among
subpopulations across the MFSR as they do in other sys-
tems (Ruff et al. 2011). The annual time step at which our
data were collected does not capture such important intra-
annual variation in the MFSR, so further investigation
with additional or complementary data sets is warranted.

Life Cycle Implications

Salmon need three things: intact natal habitat (spawn-
ing and rearing), a suitable migration corridor, and a
favorable estuarine and ocean environment. Over the past
approximately 70 years, reduced connectivity resulting
from hydropower dam construction, along with changes
in the Pacific Ocean ecosystem, has proven more powerful
for explaining contemporary Chinook Salmon production
and escapement than natal habitat quality and abundance
in the Snake River basin (Schaller et al. 2014; Crozier
et al. 2019). If natal spawning habitat was the limiting fac-
tor for Chinook Salmon population growth, the MFSR
should be highly productive, with abundant salmon
returns and most reaches occupied, given the abundance
of high-quality, connected spawning and rearing habitats
in the basin. Instead, occupancy rates vary positively with
abundance, suggesting that habitats are not saturated, and
contemporary run sizes are estimated at less than 3% of
those from the 1950s and 1960s, even as contemporary
environmental conditions in the watershed remain little
changed by human activity (Thurow et al. 2020). Histori-
cally, considerable effort has been directed toward supple-
mental stocking and improving hydrosystem passage
survival, but salmon and other migratory species rely on
all phases of their life cycle to persist, including spawning
habitat. Our results illustrate where favorable spawning
habitats are likely to exist under future climate change sce-
narios and how future habitat distributions may differ
from contemporary conditions, thus identifying habitats
that are of high conservation priority: those that are cur-
rently high quality and are likely to persist or improve
under projected climate change. Importantly, effective out-
of-basin management actions to improve adult escape-
ments are needed to take advantage of existing under-
seeded freshwater habitat in areas like the MFSR, where
such habitats are likely to remain of high quality for the
foreseeable future.
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