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Abstract

1. Knowledge about population responses to environmental variability, including

extreme climatic events, is crucial for understanding their current status and

likely fate under future environmental change. The frequency and intensity of

extreme events is projected to increase, especially in freshwater ecosystems.

2. Anadromous fishes depend on freshwater habitats for spawning and juvenile

rearing, making them sensitive to altered hydrologic regimes. Here, we evaluate

the effect of past and projected variability in river hydrology on freshwater pro-

duction of naturally spawning coho salmon populations from coastal river sys-

tems in Washington, USA.

3. Using a stage-based life-cycle model, we show that juvenile production during

freshwater residence depends on river flow characteristics. Most importantly,

juvenile production is reduced by low minimum stream flows during summer.

4. Based on climate model projections suggesting more extreme summer droughts

in the region, we then simulate changes in river flow characteristics and quantify

the effects of more frequent and severe low flows during summer on juvenile

production as well as the harvest that can be sustained in these populations.

5. Our results demonstrate that changes in hydrologic regimes due to environmen-

tal change, especially extreme low flows during summer, may significantly affect

juvenile production in anadromous fishes such as coho salmon and the services

these populations provide to their ecosystems and humans. Understanding popu-

lation responses to extreme climatic events is thus essential for improving spe-

cies conservation and risk assessments.
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1 | INTRODUCTION

Extreme climatic events, such as floods and droughts, arise from nat-

ural variability, but human-induced climate change is also altering

their timing and intensity, particularly in freshwater ecosystems (Bar-

nett, Adam, & Lettenmaier, 2005; Milly, Dunne, & Vecchia, 2005).

For example, regional climate models for the Pacific Northwest of

the U.S. project reductions in snowpack and glacier mass, and an

increasing frequency and magnitude of extreme hydrologic condi-

tions (Halofsky, Peterson, O’Halloran, & Hawkins Hoffman, 2011;

Littell, McGuire Elsner, Whiteley Binder, & Snover, 2009; Mantua,

Tohver, & Hamlet, 2010). The expected changes are likely to result
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in more extreme high and low river flows. Variation in water supply

and the magnitude of extreme flow events can affect the structure

and function of freshwater communities (Lake, 2000; Ledger & Mil-

ner, 2015; Schlosser, 1985) although our understanding of the

effects of different hydrologic regimes on many of the biota in fresh-

water ecosystems remains limited. Knowledge about organism

responses to extreme climate conditions is critical for understanding

the implications of changes in climate variability for populations and

ecosystems under rapid environmental change as well as their cur-

rent status.

Pacific salmon, Oncorhynchus spp., are an integral part of fresh-

water ecosystems along the Pacific coast of North America and

Asia. Over the past few decades, many populations of Pacific sal-

mon have experienced declines in abundance, resulting in the list-

ing of certain populations or population complexes under the U.S.

Endangered Species Act, restrictions on fisheries, dramatic changes

in land-use practices and constraints on water use. Salmon are vital

to freshwater and terrestrial systems as they are preyed upon by a

diverse group of predators, provide marine-derived nutrients to

freshwater and terrestrial ecosystems and are of tremendous cul-

tural and commercial importance (Bilby, Fransen, & Bisson, 1996;

Gende, Edwards, Willson, & Wipfli, 2002; Holmlund & Hammer,

1999). On the other hand, salmon depend on freshwater habitats

for spawning by adults, incubation of embryos and rearing of juve-

niles (Jonsson & Jonsson, 2011; Quinn, 2005). Much of the vari-

ability in coho salmon (O. kisutch) recruitment, for instance, is

related to ecological conditions during the freshwater phase (Brad-

ford, 1995; Lawson, Logerwell, Mantua, Francis, & Agostini, 2004).

Identifying how variability in freshwater conditions affects juvenile

production in anadromous fishes is crucial for understanding the

potential impacts of altered river hydrology on the fate of these

populations under future environmental change, as well as the ser-

vices they provide to humans.

Here, we hypothesised that more frequent extreme conditions as

projected under future climates, especially low summer flow events,

would significantly reduce freshwater production and the harvest

that can be sustained in these populations of coho salmon (Beecher,

Caldwell, DeMond, Seiler, & Boessow, 2010). First, to evaluate the

impact of interannual variation in hydrologic conditions on popula-

tion productivity, in particular the effects of seasonal high and low

flows during the first year of life, we analysed data on coho salmon

populations from four major river systems of the Olympic Peninsula

in western Washington (USA). These river systems drain the high-

precipitation slopes of the Olympic Mountains and support runs of

naturally spawning coho salmon within the Olympic National Park,

where they are largely protected from direct human impacts. Adult

wild coho salmon from these rivers support commercial, sport and

subsistence fisheries during ocean residence and upon return to their

natal rivers. Second, we simulated changes in summer low flow char-

acteristics, because climate projection models suggest more severe

summer droughts in the region, and evaluated the implications of

more extreme low flow events for smolt productivity and the har-

vest that can be sustainably achieved in these populations.

2 | METHODS

2.1 | Study sites and data

We investigated coho salmon populations from the Olympic Penin-

sula in Washington, USA, including the Quillayute, Hoh, Queets and

Quinault river basins (Figure 1). We focused our analysis on the wild

components of these populations (coho salmon of the Quillayute,

Hoh and Queets are managed for wild spawning escapement, but

coho hatcheries exist in the Queets, Quinault and Quillayute basins).

We gathered time series data on spawning escapements, total

exploitation rates, marine survival and river discharge. Escapement

data were obtained from the Washington Department of Fish and

Wildlife, Treaty Tribes and annual reports by the Pacific Salmon

Commission (PSC), and were available for the years 1976–2013 for

the Quillayute and Hoh rivers, 1976–2012 for the Queets River, and

1977–2012 for the Quinault River. Exploitation rates (ER) were

taken from periodic and annual reports of the PSC Joint Coho Tech-

nical Committee (PSC, 2013) and were available for all years since

1986 for the Quillayute, Hoh and Queets rivers (data from the

Queets River were used as a surrogate for the nearby Quinault

River). ER prior to 1986 were set to the mean of the years 1986–90

based on limited earlier data (PSC, 1987). We made the simplifying

assumption that spawner escapements and ER represented true val-

ues but acknowledge that there is uncertainty and possibly bias

associated with these types of data due to sampling error, time and

space extrapolations of the spawning escapement surveys, and

potential underreporting or illegal fishing (Walters & Ludwig, 1981).

We further used marine survival rates (MS) of Washington coastal

coho for the years 1976–2007 derived from coded wire tag (CWT)

recoveries from the CWT database of the Pacific States Marine Fish-

eries Commission (Beetz, 2009; www.psmfc.org). Marine survival

rates after 2007 were set to the mean of the years 2003–07, based

on estimates for other coho salmon populations that suggest rela-

tively constant survival rates since the early 2000s (Zimmerman

et al., 2015). Estimates of smolt carrying capacity were derived from

a survey in the Calawah River of the Quillayute basin (McMillan,

Liermann, Starr, Pess, & Augerot, 2013). River length data were

collected by the National Park Service.

Daily river discharge data for all four river systems were

obtained from the U.S. Geological Survey (USGS, http://waterdata.

usgs.gov) stream gauges on the Washington coast (USGS Gages

12043000, 12041200, 12040500, 12039500). Daily discharge was

expressed as average cubic feet per second. We calculated metrics

of seasonal water flows in winter (November–April) and summer

(May–October). Flow metrics were log-transformed, demeaned and

standardised for the analyses (see “Model selection”). We used data

from the Calawah River for the Quillayute system, and supplemented

years of missing data (1980–85) with the standardised metrics from

the Queets River. Figure 2 shows the seasonal discharge characteris-

tics for the Queets River, and the time series of summer low flows

(minimum daily discharge during the summer months of each year)

for rivers from the four river basins. Interannual variability in summer
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low flows was highly synchronous among river systems (pairwise

Pearson correlations of 0.61–0.82).

2.2 | Coho salmon life-cycle model

The populations examined enter the rivers in the fall and reproduce

on their natal spawning grounds in late fall or early winter of a

given brood year in small creeks and, to a lesser extent, in main

river channels. The developing embryos remain in the gravel over

the winter, and the fry emerge from the gravel a few months later.

The majority of the fish from these large rivers spend approxi-

mately 1 year in fresh water and emigrate to the ocean as smolts

in spring of the following year, from early April to early June. Coho

salmon usually return to the rivers in the fall of the following year

after having spent two summers at sea. It was thus assumed that

all fish follow this “typical” coho life-cycle and return to their natal

rivers at age three (Coronado & Hilborn, 1998; Quinn, 2005), which

implicitly assumes that the number of fish returning after a single

summer (early maturing males known as jacks) or spending addi-

tional years in the ocean is small and does not substantially alter

brood year recruitment (Quinn, 2005). A schematic illustration of

the coho life-history model used in this study is provided in Fig-

ure 3.

We consider a life-history model based on two life stages, fresh

water and ocean. Survival during the freshwater phase is assumed to

be regulated by density according to an asymptotic relationship.

Hence, we assume that carrying capacity of the freshwater environ-

ment is limiting, whereas carrying capacity of the ocean is assumed

to be unlimited. The number of smolts produced (Ns,y) depends on

the number of adults in the previous generation (Na,y�2), adult-to-

smolt productivity (pa?s,y) and the carrying capacity for smolts in the

freshwater environment (cs), where y denotes the year:

Ns;y ¼ Na;y�2
1

pa!s;y
þ 1

cs
Na;y�2

(1)

The carrying capacity is related to the amount of available habi-

tat for the limiting life stage in the natal watershed and is assumed

to be constant among years. Adult-to-smolt productivity, that is the

maximum per capita recruitment, was modelled as a time-varying

parameter, which was a function of the amount of river flow during

freshwater residence:
pa!s;y ¼ p̂a!s þ bXy (2)

Here, Xy is a z-scored variable representing river discharge, and

b is the estimated effect size.

The number of adults returning to spawn depends on the

number of smolts in the previous year, smolt-to-adult productivity

(ps?a,y) and total ER in the year of return:

Na;y ¼ Ns;y�1ps!a;yð1� ERyÞeep�0:5r2
p (3)

The error term ep �Nð�0:5r2
p ; rpÞ captures unexplained varia-

tion in smolt survival, which may arise either from observation error

or stochasticity in the recruitment process. The error term has a

mean of �0:5r2
p to bias correct its expected value to zero based on

its log-normal error variance (Quinn & Deriso, 1999).

Smolt-to-adult productivity (ps?a,y) in a given year is modelled

using a mean productivity (p̂s!a) and interannual variability about this

mean, which was estimated from a time series of average marine

survival of Washington coastal coho (Beetz, 2009). Because the sur-

vival estimates included hatchery-origin fish, which tend to have

lower average survival than wild stocks but similar year-to-year

Quillayute Olympic 
National 

ParkHoh

Queets

Quinault

F IGURE 1 Map of study area. Shown is
the Olympic Peninsula in western
Washington and its four major river basins
(Quillayute, Hoh, Queets, Quinault) that
sustain naturally spawning fall-run
populations of coho salmon. Circles show
locations of the USGS stream gages. The
location of the Olympic Peninsula is
indicated by the square on the map of
North America at the bottom
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variability (Coronado & Hilborn, 1998; Zimmerman et al., 2015), we

demeaned and standardised the marine survival time series (MSy)

and estimated the mean smolt-to-adult productivity and the degree

(c) to which the stock-specific interannual variability follows the vari-

ability of the indicator stocks:

ps!a;y ¼ p̂s!a þ c MSy (4)

We thus assume that the variability pattern, but not the mean

survival, is well represented by a mix of wild and hatchery stocks

from that region. Uncertainty in the estimates was accounted for by

drawing parameter values from the joint posterior distribution on a

sample-by-sample basis.

2.3 | Bayesian parameter estimation

We used a Bayesian approach for parameter estimation to incorpo-

rate prior knowledge on parameter values and accurately account for

uncertainty in the estimated parameters. In this approach, the priors

are confronted with the observational data to estimate the joint pos-

terior distribution of the model parameters. The analysis was per-

formed using the program JAGS (Plummer, 2012), which uses Gibbs

sampling as a Markov Chain Monte Carlo (MCMC) algorithm, via the

package R2jags (Su & Yajima, 2013) from within R (ver. 3.2.2, R Core

Team, 2015). MCMC runs consisted of three chains, each of which

contained 500,000 iterations, of which 100,000 were discarded as

burn-in. We retained one iteration out of every 1,000 to reduce

autocorrelation in the chains. The posterior distributions thus con-

sisted of 1,200 samples (400 samples per chain). We ensured con-

vergence of the MCMC chains visually using autocorrelation, cross-

correlation and trace plots, as well as common diagnostics such as

tests of heterogeneity among chains (Gelman & Rubin, 1992) and

convergence of individual chains (Geweke, 1992).

2.4 | Priors and parameter values

Based on literature values for fecundity and mean survival rates, the

modes of the productivity priors were set to 60 for adult-to-smolt

productivity and to 0.075 for smolt-to-adult productivity (Barrow-

man, Myers, Hilborn, Kehler, & Field, 2003; Quinn, 2005; Zimmer-

man et al., 2015). Productivity priors were log-normally distributed

with a standard deviation of 0.25. Capacity priors were based on

estimates of maximum smolt density per unit river length, which

were derived from an extensive survey of late-summer parr in the

Calawah River of the Quillayute system following the year with the

highest escapement in the past four decades (McMillan et al., 2013).

While capacity is expected to be lower for smolts compared to parr,

the survey was assumed to underestimate parr density, such that

the survey-based estimates were directly used as priors for smolt
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F IGURE 2 River discharge characteristics. Daily amount of river
discharge (cubic feet per second) for the years 1975–2014 in the
Queets river (a) and annual summer low flows (SLFs) (b) in the four
river systems. (a) Log-transformed daily discharge (light grey lines),
average daily discharge (dark grey line) and the fit of a loess
smoother (using a smoothing parameter of 0.15) to the average daily
discharge (black line). (b) Log-transformed and z-scored SLFs in the
Calawah (grey squares and line), Hoh (grey circles and line), Queets
(black squares and line) and Quinault (black circles and line) rivers

Marine 
survival

Harvest

River 
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p
c ess
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FreshwaterOcean

Escapements
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Adults

F IGURE 3 Life-cycle model. Shown is a schematic illustration of
the life-cycle model including the smolt and adult life stages to
estimate effects of river flow on adult-to-smolt productivity (pa?s)
during freshwater residence. Other parameters are smolt capacity
(cs) and smolt-to-adult productivity (ps?a). Time series data used are
spawner escapements, harvest (exploitation rates), marine survival
rate and various metrics of river discharge
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carrying capacity. The average density used for smolts per river

length was 756 smolts/km in the main stem and 1,548 smolts/km in

the tributaries, and was similar to smolt densities reported previously

for coastal coho salmon populations (Barrowman et al., 2003; Brad-

ford, Taylor, & Allan, 1997; Sharma & Hilborn, 2001). The accessible

river habitat (mainstem/tributaries) used for coho salmon was

578 km in the Quillayute basin, 210 km in the Hoh basin, 361 km in

the Queets basin and 255 km in the Quinault basin (we assumed

that the Sol Duc River of the Quillayute basin was shared between

fall-run and summer-run coho salmon using a habitat ratio of 3:1).

The proportion of accessible habitat in the river tributaries was 0.47,

0.53, 0.57 and 0.54, respectively. The resulting modes of the capac-

ity priors were 0.528, 0.247, 0.436 and 0.313 million smolts for fall-

run coho in the Quillayute, Hoh, Queets and Quinault basins, respec-

tively. The smolt capacity priors were log-normally distributed with a

standard deviation of 0.5; that is, priors were assumed to be less

certain for smolt capacity than for productivity. We used uniform

priors for the coefficient of the covariate effect (b) [�100, 100] as

well as the coefficient of the marine survival anomaly (c) [�0.5, 0.5].

We also used uniform priors for the standard deviation of the error

term (rp) [0, 2]. The limits of the uniform priors were set such that

they were not approached during the sampling process.

2.5 | Model selection

We accounted for effects of river flow on freshwater productivity

during that phase of the life-cycle. River discharge metrics were

based on average daily stream flows (cubic feet per second). We

considered minimum flow, maximum flow, average flow and flow

variability in the first winter (when the fish would have been

embryos in the gravel), as well as the first summer and second win-

ter (when the fish would have been feeding in the stream). Winter

and summer were defined as the 6-month periods November–April

and May–October, respectively. All river discharge metrics were

based on daily average flows. Minimum and maximum flows were

calculated as the maximum and minimum daily average flows during

the season, respectively, and flow variability was calculated as the

standard deviation across all daily average flows. The discharge char-

acteristics were tested individually in the models. Model selection

was based on the widely applicable information criterion (WAIC) and

leave-one-out cross-validation (LOO) using Pareto-smoothed impor-

tance sampling as implemented in the R package loo (v.1.1.0, Vehtari,

Gelman, & Gabry, 2016). These two selection criteria supported the

inclusion of the same covariates as the most parsimonious models in

each stock. The model with the lowest WAIC (and LOO) was

selected as the top model and models with a ΔWAIC (and ΔLOO) of

less than 2 were considered competitive models with similar statisti-

cal support (Table S1).

2.6 | Climate change simulations

To assess potential impacts of altered hydrologic regimes under

future climates, we simulated changes in river discharge

characteristics in line with those projected by regional climate mod-

els, and their effects on smolt production and total harvest. Because

summer droughts are projected to increase in frequency and severity

in the region (Halofsky et al., 2011; Littell et al., 2009; Mantua et al.,

2010; Riedel et al., 2015), summer low flow (SLF) was considered

the most important discharge variable for climate projections. Three

different scenarios of altered summer low flow were simulated: (1)

an increase in interannual variability with more extreme events but

the same average SLF across years, (2) an overall reduction in SLF

without the occurrence of more extreme events, and (3) an overall

reduction in SLF including the occurrence of more extreme events.

Extreme events were defined as summer low flows more than two

standard deviations below the historical average. Spawner escape-

ments in the simulations were modelled using the current minimum

escapement goal (i.e. not historical escapements) and a log-normally

distributed process error with a standard deviation of 0.1; that is,

the fishery was assumed to not precisely achieve the desired spaw-

ner escapement goal. Marine survival was sampled randomly from

the annual survival rates estimated by the model, and fish available

to harvest were calculated as the difference between total return

and escapement (harvest was zero when the total return was equal

or smaller than the escapement). To account for parameter cross-

correlations and uncertainty in parameter estimates, simulations

were performed independently for each sample from the joint poste-

rior distribution of all parameters.

The simulations were run 1,000 times over a time period of

25 years for the three scenarios of altered discharge characteristics

and the historical distribution of minimum daily summer flows (using

log-transformed values). We then calculated the median smolt pro-

duction and adult harvest across all samples, and computed the

mean of all median values across years and model runs. The differ-

ence in average values between historical and climate scenarios of

summer low flow was treated as an estimate of the expected change

in smolt production and harvest resulting from climate change.

3 | RESULTS

The most parsimonious models suggested that less severe low flows

during the first summer were positively correlated with coho salmon

production during freshwater residence (Figure 4). Summer low flow

was selected as the most important covariate for the Quillayute and

Queets rivers, and no other covariate models were considered com-

petitive in these populations (Table S1). Moreover, effects of sum-

mer low flow on freshwater productivity in these river basins were

significant; that is, the 95% CIs of the b parameters did not overlap

zero (Figure 4). Productivity was higher when summer low flows

were less severe (when summer discharge was relatively high). The

effect of discharge variability in summer in the Hoh River was statis-

tically not significant. Winter discharge characteristics were selected

as the top model only in the Quinault River (Table S1), suggesting a

potential effect of minimum flows during the second winter on smolt

production; however, the positive effect of high winter low flow was
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also not significant (Figure 4). Finally, when modelling flow effects

on capacity instead of productivity, the estimated effect sizes were

not significant and the models explained less of the observed varia-

tion compared to models that included effects of river flow on smolt

productivity.

Annual estimates of the adult-to-smolt productivity parameter,

that is the maximum per capita recruitment, which was modelled as

a function of summer low flow, varied between 28–151 and 32–145

(median values) in the Queets and Quillayute rivers, respectively

(Figure 5). Adult-to-smolt productivity showed a decreasing trend

during the early period, in line with the decreasing trend in summer

low flows prior to the 1990s, and otherwise high interannual varia-

tion. The indices of freshwater productivity for these two river sys-

tems showed coefficients of variation of approximately 0.32. As an

additional indicator of the importance of the discharge effects, we

compared the process error variance of the selected covariate mod-

els to the process error variance of models that did not include

covariates. This comparison showed that including effects of river

discharge on productivity resulted in a decrease in process error

variance by 13%–14% in both river systems, which implies that the

covariate effects account for considerable amount of variation in the

data.

The climate simulations further revealed that the expected aver-

age loss in smolt production strongly depends on how the distribu-

tion of summer low flows is projected to change (Figure 6). An

increase in interannual variability with more extreme events but the

same average SLF across years (scenario 1) resulted in rather low

impacts on smolt production and total harvest, whereas an overall

reduction in SLF resulted, on average, in significant declines in pro-

duction and harvest (scenario 2), especially in combination with the

occurrence of more extreme events (scenario 3). The latter scenario

resulted in average median losses of 9% and 7% in smolt production

and 14% and 10% in harvest in the Quillayute and Queets basins,

respectively. Additional declines in smolt production due to propa-

gated cohort effects are not expected unless the reduced freshwater

production causes total return to drop below the escapement goal.

4 | DISCUSSION

We found that changes in climate variability, specifically an increase

in the frequency and magnitude of extreme flow events, can signifi-

cantly affect population responses under future climates and that

extreme hydrologic events can be more important than average con-

ditions in determining freshwater productivity of anadromous fish

populations. First, river discharge characteristics, in particular

extreme low flows during summer, had significant effects on the sur-

vival of freshwater life-history stages in coho salmon. Low stream

flows during summer explained a significant amount of variation in
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freshwater production of two of four coho salmon populations

examined. Accounting for variability in hydrologic conditions during

freshwater residence thus improved the life-cycle models and

affected estimates of freshwater productivity. Our findings suggest

that considering environmental processes is helpful when evaluating

the status and productivity of natural resources and when anticipat-

ing future management directions for populations under changing

environmental conditions.

Physical controls over freshwater production of salmonids such

as the effects of river discharge have previously been described for

other populations of coho salmon, and salmonids in general. For

instance, Smoker (1955) found a strong positive correlation between

the commercial catch of western Washington coho salmon and sum-

mer stream flow of western Washington rivers 2 years earlier, and

suggested that lower return numbers were likely caused by reduced

survival in freshwater rearing habitat due to low summer flow (see

also Mathews & Olson, 1980). A control of freshwater production by

summer low flows has also been reported for other coho salmon

populations (Beecher et al., 2010), and in other salmonids such as

steelhead trout, Oncorhynchus mykiss (Grantham, Newburn,

McCarthy, & Merenlender, 2012) and Atlantic salmon, Salmo salar

(Elliott, Hurley, & Elliott, 1997; Jonsson & Jonsson, 2017), suggesting

that negative effects of extreme summer low flows on freshwater

production may be widespread among stream spawning salmonids.

However, survival during freshwater residence may also be limited

by winter flow in the second year (Lawson et al., 2004; Lestelle,

Rowse, & Weller, 1993), and even summer high flows have been

shown to negatively affect Pacific salmon survival such as some Chi-

nook salmon populations in Alaska (Neuswanger et al., 2015). We

show that such physical controls over freshwater production are cru-

cial for the assessment of population responses to projected climatic

change.

We considered potential effects of river discharge on smolt

capacity as an alternative mechanism through which climate varia-

tion may affect coho salmon recruitment (e.g. reductions in habitat

availability due to low flows may primarily affect smolt capacity).

Our model results suggest that flow effects on productivity are more

important for driving recruitment variation. In practice, however, it

may be difficult to distinguish climate effects on capacity from those

on productivity, due to negative covariance between the two model

parameters. Although we chose productivity as our surrogate for

modelling climate effects on variation in smolt recruitment, we

acknowledge that time-varying capacity may contribute to the

observed variation in recruitment.

Projected changes in the average annual precipitation over the

next few decades are rather small for the Pacific Northwest (Littell

et al., 2009; Riedel et al., 2015). While a reduction in snowpack and

smaller glacier mass due to elevated temperatures may lead to ear-

lier peak flows in the spring in snow-dominated watersheds, the tim-

ing of river flow is expected to change relatively little in rain-

dominated systems (Halofsky et al., 2011). The rivers on the western

Olympic Peninsula receive most precipitation as rain, and only some

as snow at higher elevations. Among the major river systems, the

Queets and Quillayute rivers usually depend more on spring and

summer precipitation than the Hoh and Quinault rivers which

receive some contribution from melting snow and ice. Consequently,

summer low flows are a lower proportion of mean annual discharge

and may therefore more strongly affect habitat availability in the
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F IGURE 6 Projected impacts of future climatic conditions on
production and harvest. Shown is the simulated average loss in
smolt production and harvest for the Quillayute (a) and Queets (b)
river basins under three different scenarios of altered hydrologic
regimes, that is distributions of summer low flows (SLFs): (1)
increased interannual variability in SLF (green, left), (2) overall
reduction in SLF (orange, center), and (3) overall reduction in SLF
and more extreme events (blue, right). The top panel shows z-scored
normal distributions used to simulate the climate change scenarios
along with the historical baseline (black, using the observed mean
and standard deviation), and the observed annual values of SLF in
the Queets (“rug”)
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Queets and Quillayute rivers compared to the other rivers. This dif-

ference in hydrology might explain why summer low flows had the

strongest effects in the Quillayute and Queets basins. However,

increasing temperatures in the region are expected to reduce glacier

mass and winter snowfall. If so, the Hoh and Quinault rivers may

experience greater frequency and severity of reductions in summer

flow compared to historical conditions (Mantua et al., 2010), and

coho populations in these rivers may therefore become more sensi-

tive to summer low flows in the future.

While climate change will presumably have moderate impacts on

the timing of stream flow in these watersheds, extreme events such

as winter floods and summer droughts are projected to increase in

frequency and intensity (Halofsky et al., 2011; Littell et al., 2009;

Mantua et al., 2010; Riedel et al., 2015). Extreme summer low flows

due to changes in precipitation patterns and glacial retreat may have

severe consequences for salmonid populations, because low flows in

summer decrease habitat availability when the fish are not very

mobile and depend on suitable habitat locally, and cause elevated

water temperatures, thus inducing thermal stress among salmon fry.

Additionally, more intense rainfall in winter and thus more frequent

winter floods, as predicted for the region, will likely cause changes in

stream geomorphology, specifically a widening and braiding of the

river channels, which could exacerbate the impacts of summer low

flow events on smolt survival by further reducing stream flow and

increasing temperatures.

We therefore evaluated the potential consequences of changes

in summer discharge in two of the river systems, the Quillayute

and Queets, which showed strong effects of summer low flow on

coho freshwater productivity. Due to their rain-dominated hydro-

graphs, these rivers may be representative of future responses to

summer low flows in other rivers in the region such as those with

currently more snow-dominated hydrographs (Hoh and Quinault

rivers). Our simulation results suggest that more extreme summer

low flows would result in considerable declines in coho salmon

freshwater production and the harvest that can be sustainably

achieved in these populations. Declines in freshwater production

may increase population vulnerability to other stressors (e.g.

changes in ocean conditions leading to poor marine survival) and

may ultimately complicate the conservation of these populations.

Losses in harvest would cause hardship among the commercial,

sport, ceremonial and subsistence fisheries that depend on this

resource.

Climate change causes altered physical conditions other than

altered hydrology that might affect freshwater productivity of salmo-

nids in this region, most importantly altered water temperatures

(Dalton, 2016; Mantua et al., 2010). Our simulations did not account

for potential impacts of projected temperature changes such as ther-

mal stress during summer. Shifts in thermal conditions might be

important to consider under more comprehensive climate change

scenarios, because salmonid populations can be affected by the

interactions between temperature and hydrologic conditions (Leppi,

Rinella, Wilson, & Loya, 2014; Wade, Beechie, & Fleishman, 2013).

However, while thermal stress during summer months might be

problematic in low-elevation streams when thermal refuges are not

available, salmonid populations in relatively pristine and high-eleva-

tion streams such as those examined here might be most vulnerable

to future changes in freshwater hydrology (Battin et al., 2007; Wade

et al., 2013).

In the light of projected increases in the frequency and inten-

sity of extreme hydrologic events and resulting changes in river

flow, not only for the Pacific Northwest (Halofsky et al., 2011; Lit-

tell et al., 2009) but also globally (Barnett et al., 2005; Milly et al.,

2005), it is important to consider potential effects of such climate-

induced productivity changes in risk assessments for aquatic spe-

cies (Battin et al., 2007; McClure et al., 2013). While this might be

particularly challenging for anadromous species such as Pacific sal-

mon that experience different climatic conditions in their freshwa-

ter and marine ecosystems, incorporating altered climate variability

might be critical for successful conservation of species at risk. Our

findings indicate that restoration efforts to protect and restore

populations of coho salmon could be directed at reducing extreme

hydrologic events in rivers that support natural coho runs. The

same may apply to other species, particularly other salmonids

(Thompson et al., 2012; Ward, Anderson, Beechie, Pess, & Ford,

2015). Reducing extreme events in river discharge is difficult to

achieve; however, previous studies have suggested that efforts to

reconnect floodplains and reduce run-off from impervious surfaces

into streams could help mitigate adverse effects (Beechie et al.,

2013; Ward et al., 2015).
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