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Introduction

Although multiple factors have contributed to the decline

of Pacific salmon (Oncorhynchus spp.) across portions of

their natural range, dams have arguably played a major

role in many locations (NRC 1996; Lichatowich 1999;

Ruckelshaus et al. 2002). Large dams (>15 m tall)–

designed to generate hydropower, control floods, or facili-

tate navigation – have had unintended side effects on the

quantity and quality of habitat used by salmon. Specifi-

cally, these dams have decreased the area for spawning

and rearing, and have altered flows, sediments, and tem-

peratures downstream (PFMC 1979; Ward and Stanford

1979; Ligon et al. 1995).

The effects of large dams on thermal conditions have

been documented worldwide, and include changes in the

mean and variance of temperature at several temporal

scales (Petts 1984; Crisp 1987; USACE 2000a; Preece and

Jones 2002; Steel and Lange 2007). These changes have

significant biologic consequences because temperature

influences the growth and reproduction of aquatic organ-

isms (Ward and Stanford 1979; Schlosser et al. 2000;

Vinson 2001). For salmon, the spawning of adults, the

emergence of fry, and the migration of smolts coincide

with thermal cues in natal lakes and streams (e.g., Brett

1971; Brannon 1987; Roper and Scarnecchia 1999).

Anthropogenic changes in temperature can induce mis-

matches between life histories and environmental
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Abstract

Dams designed for hydropower and other purposes alter the environments of

many economically important fishes, including Chinook salmon (Oncorhynchus

tshawytscha). We estimated that dams on the Rogue River, the Willamette

River, the Cowlitz River, and Fall Creek decreased water temperatures during

summer and increased water temperatures during fall and winter. These ther-

mal changes undoubtedly impact the behavior, physiology, and life histories of

Chinook salmon. For example, relatively high temperatures during the fall and

winter should speed growth and development, leading to early emergence of

fry. Evolutionary theory provides tools to predict selective pressures and genetic

responses caused by this environmental warming. Here, we illustrate this point

by conducting a sensitivity analysis of the fitness consequences of thermal

changes caused by dams, mediated by the thermal sensitivity of embryonic

development. Based on our model, we predict Chinook salmon likely suffered

a decrease in mean fitness after the construction of a dam in the Rogue River.

Nevertheless, these demographic impacts might have resulted in strong selec-

tion for compensatory strategies, such as delayed spawning by adults or slowed

development by embryos. Because the thermal effects of dams vary throughout

the year, we predict dams impacted late spawners more than early spawners.

Similar analyses could shed light on the evolutionary consequences of other

environmental perturbations and their interactions.
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conditions. Such maladaptations could threaten the per-

sistence of populations.

Although changes in thermal regimes might have con-

tributed to the declines of salmon (NRC 1996), we have

much to learn about the underlying mechanisms (see

reviews in McCullough 1999; and Richter and Kolmes

2005). Unusually high temperatures can delay migration

(Hyatt et al. 2003; Goniea et al. 2006), increase mortality

(Smith et al. 2003; Crozier and Zabel 2006; Gilhousen

1990), perturb energetics (Brett 1995; Rand and Hinch

1998; Macdonald et al. 2000), slow growth (Bisson and

Davis 1976; Pearcy 1992), and create morbidity (Barthol-

omew 1998; Materna 2001). Indirect effects can also

result from shifts in the timing of or phenotypes at life-

history transitions (Quinn and Adams 1996). For exam-

ple, high temperatures during embryonic development

can lead to premature emergence, which could expose fry

to peak flows, scarce resources, or greater predation

(Brannon 1987; Murray and McPhail 1988; Jensen and

Johnsen 1999; USACE 2000a).

Since the first large dams in the Pacific Northwest were

built in the early 1900s, many generations of salmon have

spawned, developed, emigrated, and returned to spawn in

the waters downstream. Possibly, these fish have begun to

adapt to the new thermal regimes caused by dams (Wa-

ples et al. 2008). Although we cannot infer adaptation

from the available data, we can estimate the potential

evolutionary impacts of dams and discuss the types of

data that would be necessary to make such inferences.

Under this premise, we present an exploratory analysis of

Chinook salmon (Oncorhynchus tshawytscha) in four

parts. First, we assess the historical changes in water tem-

peratures downstream of large dams. Second, we review

the effects of water temperature on physiological perfor-

mance at specific life stages. Third, we estimate the degree

to which changes in physiological performance would

influence the fitness of genotypes. Finally, we assess the

possibility of an evolutionary response to selective pres-

sures imposed by dams.

Impacts of dams on water temperature

Quantifying changes in water temperature downstream of

a dam requires several types of data, including the location

of the dam, the date of construction, and records of tem-

perature. Linking thermal changes to the performance of

Chinook salmon, in particular, requires additional knowl-

edge of the distribution of populations. We compiled

these data from a variety of sources (Willingham 1983;

Myers et al. 1998; USACE 2000b; StreamNet 2005; City of

Tacoma 2005; Kimbrough et al. 2006; Herrett et al. 2006;

USGS 2007), and then imposed five criteria to identify

several dams for our analysis. First, the dam had to reside

upstream of a gauge that recorded water temperatures.

Second, the gauge’s period of record had to span multiple

years before and after the construction of the dam. Third,

the dam had to occur on a river or large creek that sup-

ported Chinook salmon in Washington, Oregon, Califor-

nia or Idaho (USA). Fourth, the distance between the dam

and the gauge had to be <30 km, to minimize the attenua-

tion of thermal effects downstream (USACE 2000a).

Finally, no other large dam could exist upstream of the

focal dam prior to its construction. Using these criteria,

we selected four dams for analysis (Table 1, Fig. 1).

The gauges downstream of these dams contained two

types of gaps in their records of temperature. The first

type comprised days when the minimal and maximal

temperatures were recorded but the mean temperature

was not recorded. For these days, we estimated the mean

temperature by averaging the minimal and maximal tem-

peratures. The second type comprised days when both the

mean temperatures and extreme temperatures were miss-

ing. In these cases, we estimated the means by regression

or interpolation (see Appendix A).

Table 1. Four dams selected for analysis based, in part, on the existence of water temperature gauges downstream.

Dam Type Location State

Gauge

number*

Dam-gauge

distance (km)

Date of

operation�

Beginning

of record

End of

record

Mayfield ER Cowlitz River WA 14238000 2.3 1962 1954 1982

Fall Creek HR Fall Creek OR 14151000 1.8 10/1965 1951 2007

Hills Creek HR Willamette River OR 14148000 17.9 1961 1950 1987

Lost Creek MR Rogue River OR 14337600 4.5 2/1977 1970 2007

Names, types and locations of these dams are provided, along with the approximate dates when the dams became operational (i.e., the reservoirs

upstream were created). Gauge identification numbers, distances between gauges and dams, and periods of temperature records are also

provided.

ER, epilimnetic release; MR, multiple depth release; HR, hypolimnetic release.

*For details, see USGS (2007).

�The specific month of first operation was provided when known. If only the year was known, the month was assumed to be January. In all

cases, the first day of the month was assumed to be the starting point of the dam’s operation.
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We assessed the changes in temperature associated with

each dam by comparing daily mean temperatures, aver-

aged among the years before and after construction of the

dam. Based on our findings, the effect of a dam on water

temperature depends on the time of year (Fig. 2). During

summer, water was generally cooler after a dam was built.

Conversely, during the fall and early winter, water was

generally warmer in the presence of a dam. This reversal–

from summer cooling to fall warming–was evident as

early as August on the Rogue River and as late as October

on the Cowlitz River (Fig. 2).

In theory, the effect of a dam on water temperature

should depend not only on the time of year, but also on

thermal stratification upstream and the depth of water

released at the dam (Ward 1982; Crisp 1987; Poff and

Hart 2002). If the reservoir upstream is thermally strati-

fied and the dam draws water from below the thermo-

cline (i.e., the hypolimnetic layer), the water downstream

of the dam should be unseasonably cold during summer

and unseasonably warm during fall and winter. If the

dam draws water from above the thermocline (i.e., the

epilimnetic layer), the water downstream should be

unusually warm during the summer. Other dams draw

water from multiple depths, enabling finer control over

temperatures downstream. Given that our sample con-

tained three types of dams (Table 1), we were surprised

to discover these dams affected water temperatures simi-

larly (Fig. 2).

Consequences of dams for the performance of
salmon

A rich literature describes the influence of water temper-

ature on the development, growth, and survival of

salmon at various life stages (reviewed by McCullough

1999). Generally, embryonic development proceeds more

rapidly at higher temperatures. In Chinook salmon, a

doubling of water temperature within tolerable limits will

halve the time between the fertilization of an egg and

the emergence of a fry (Beacham and Murray 1990).

Embryonic survivorship remains high throughout a wide

range of temperatures, but decreases precipitously outside

that range. For example, the survivorship of Chinook

embryos exceeds 90% between 5 and 15�C; however,

below 2�C and above 18�C the rate drops to <5%

(Fig. 3, see also Tang et al. 1987; Velsen 1987; Beacham

and Murray 1989). Once salmon emerge from the gravel,

their growth and survival continue to depend on temper-

ature. For example, the growth rate of fry increases

between 10 and 15�C (Banks et al. 1971), but survivor-

ship decreases at higher temperatures (Fig. 3, see also

Olson et al. 1970). Because these data pertain to salmon

raised at constant temperatures, we must assume varia-

tion in temperature does not alter these conclusions–a

dubious assumption. Some salmon tolerate acute expo-

sure to temperatures that would prove lethal during

prolonged exposure (Murray and Beacham 1987; Tang

et al. 1987; Campbell et al. 1998), but we need more

research to define the general limits of tolerance in vari-

able environments.

The thermal sensitivities of physiological performances

can mediate the direct and indirect effects of dams on

the fitness of salmon. Because temperatures in the fall

can approach those that stress Chinook salmon (e.g., see

Fall Creek in Fig. 2), warming by a dam could directly

increase the mortality of embryos. In the laboratory,

brief exposure to 17�C during embryonic development

caused more than 98% mortality between the fertiliza-

tion and emergence (Geist et al. 2006). More likely,

however, dams indirectly influence fitness by advancing

the timing of emergence. Emergence describes a develop-

mental transition in which fry leave the interstitial

gravel and enter the water column, thereby initiating a

sustained, free-swimming residence in a stream or river.

At this point in development, the energy stored as yolk

has been virtually exhausted and the juvenile must begin

to feed exogenously. Early or late emergence could lead

to mortality from excessive flows, abundant predators,

or insufficient resources (Jensen and Johnsen 1999;

Einum and Fleming 2000). The warming caused by a

dam in fall and winter would accelerate the development

of embryos, leading to early emergence. Thus, a dam

could disrupt a match between the actual and the

optimal dates of emergence.

Adaptation of behavior or physiology would amelio-

rate the thermal effects of a dam. If salmon below

the dam spawned later in the year, the temperatures

experienced by their offspring would be lower because
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Figure 1 A map of Washington and Oregon, USA, depicting the

locations of four dams selected for analysis: (A) Mayfield, (B) Fall

Creek, (C) Hill Creek, and (D) Lost Creek.
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of seasonal cooling (see Fig. 2). Consequently, develop-

ment would proceed more slowly and the timing of

emergence would correspond to that before the dam’s

influence. Alternatively, an evolutionary decrease in devel-

opmental rate would enable salmon to delay emergence

despite the warm water below the dam. Whether

spawning behavior or developmental physiology would

experience greater selective pressure depends on the cost

of each strategy and the impact on other stages of the life

cycle.

The response to selection depends on the heritabilities

of spawning behavior and embryonic physiology, and

their genetic covariance. The relative timing of spawning

seems highly heritable in salmon, with estimates of

narrow-sense heritabilities ranging from 0.4 to 1.3 (e.g.,

see Smoker et al. 1998; Quinn et al. 2000; Dickerson

et al. 2005; Neira et al. 2006). We know less about the

heritability of thermal physiology in salmon, but additive

genetic variance for developmental rate exists under

some thermal conditions (Hebert et al. 1998; Kinnison

et al. 1998). These data suggest behavior, physiology, or

both could evolve in response to thermal change. The

genetic covariance between spawning date and develop-

mental rate could enhance or constrain adaptation,

depending on its sign and magnitude (Lande and Arnold

1983).

Despite the ideas discussed above, current models of

thermal adaptation cannot generate deep insights about

the responses of salmon to dams. First, these models

focus on physiological responses to environmental
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Figure 2 Mean water temperatures before

and after dam construction on the Cowlitz

River, Fall Creek, the Middle Fork of the

Willamette River, and the Rogue River. Mean

values were generated by averaging daily

mean temperatures among years. Bold lines

depicting the mean water temperatures are

surrounded by thinner lines depicting the

upper and lower bounds of the 95%

confidence intervals.
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temperature (reviewed by Angilletta et al. 2002; Kingsolv-

er and Gomulkiewicz 2003), ignoring the potential for

behavioral responses that seem relevant to salmon (e.g.,

timing of spawning, placement of nests). Second, these

models assume that temperature influences either survi-

vorship (Lynch and Gabriel 1987) or fecundity (Gilchrist

1995) uniformly throughout the life of the organism.

Because both the thermal impacts of dams and the ther-

mal tolerances of salmon vary throughout the life cycle,

simple models will not accurately predict the strength of

selection. In the next section, we use an age-structured

model to explore the impact of physiological performance

on the fitness of a genotype. This approach should yield

a better understanding of the selective pressures imposed

by dams.

Modeling selective pressures imposed by dams

Matrix models of population growth provide a useful way

to quantify the ecological and evolutionary consequences

of environmental changes (Caswell 2001), such as the

thermal changes caused by dams. Salmon and most other

organisms have life cycles with distinct stages that occur

in a characteristic seasonal cycle. Dams and other anthro-

pogenic factors typically affect some life stages more than

others. Matrix projections enable us to explore how a

change in performance at a specific stage impacts the

mean fitness of a population.

Matrix models have been applied to salmon by classify-

ing the life cycle in terms of either stage or age (e.g.,

Kareiva et al. 2000; Greene and Beechie 2004; Scheuerell

et al. 2006; Zabel et al. 2006). Ratner et al. (1997) devel-

oped an age-classified model for the spring run of Chi-

nook salmon from the South Fork of the Umpqua River

(Oregon, USA). In this population, 90% of juveniles

migrate to the ocean during their first spring (Ratner

et al. 1997). Therefore, the survivorship from oviposition

to age 1 equals the product of survivorships for the

embryo, fry, and smolt. Adults return to breed at age 3, 4

or 5. Thus, the matrix form of the model for a female is

as follows:

A¼

0 0 ðlb3m3s1Þ=2 ðlb4m4s1Þ=2 ðlb5m5s1Þ=2

s2 0 0 0 0

0 s3 0 0 0

0 0 ð1� b3Þs4 0 0

0 0 0 ð1� b4Þs5 0

0
BBBB@

1
CCCCA
;

where sx equals the survivorship from age x-1 to age x, bx

equals the propensity to breed at age x, mx equals the

fecundity at age x, and l equals the survivorship of adults

during their migration to the spawning area.

The leading eigenvalue of this matrix (k) represents the

long-term rate of population growth (Caswell 2001). For

the case represented by matrix A, we cannot solve explic-

itly for k, but we can calculate this rate numerically given

a set of parameter values. Using values for Chinook sal-

mon of the Umpqua River (see Table 2 of Ratner et al.

1997), we computed a value of k = 1.17, which indicates

a growing population (k > 1).

Assessing the effects of environmental change on popu-

lation dynamics requires two steps. In the first step, we

must relate changes in the environment to changes in

life-history traits (sx, mx, bx or l). In the second step, we

must relate changes in life-history traits to changes in

mean fitness (k). The latter relationship is referred to as

the demographic sensitivity (Sp):

Sp¼ dk=dp;

where p equals a life-history trait. For example, the

demographic sensitivity for s1, the survivorship from

oviposition to age 1, depends on dA/ds1:

0 0 ðlb3m3Þ=2 ðlb4m4Þ=2 ðlb5m5Þ=2

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0
BBBB@

1
CCCCA
:

Using estimates of these parameters for Chinook sal-

mon in the Umpqua River, the demographic sensitivity of

s1 (123.23) greatly exceeds the sensitivities of all other

survivorships in the matrix (0.12–0.35).
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Figure 3 Embryos and fry of Chinook salmon survive well over a

range of approximately 10�C. Temperatures >15�C lead to very high

mortality. This conclusion was based on models that best fit published

data for embryos (Velsen 1987; Beacham and Murray 1989) and fry

(Olson et al. 1970). Model selection was performed according to

Angilletta (2006); details are provided in Appendix B.
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In this framework, the impact of a change in water

temperature on fitness equals the product of the demo-

graphic and thermal sensitivities:

dk
dT
¼ dk

ds1
� ds1

dT
:

Because survivorship changes nonlinearly with temper-

ature, the effect on k depends on the mean temperature,

as well as the change in temperature. Although dams have

elevated the temperatures experienced by embryos and

fry, temperatures during fall and winter usually lie within

the tolerable limits (compare Figs 2 and 3). Therefore,

the warming caused by dams likely imposes little direct

thermal stress on embryos or fry. Nevertheless, the winter

warming caused by dams could have indirect effects on

s1, such as those believed to stem from early emergence

(see previous section).

How much could early emergence alter the fitness of

Chinook salmon? A matrix model can help to answer this

question. Assume k approximates the fitness of a geno-

type with the life cycle and vital rates described by the

matrix A. Then, we need only two pieces of data to con-

nect early emergence to a decrement in fitness. First, we

must know the degree to which a dam advances the date

Table 2. Predicted dates of emergence for a range of spawning dates at each of four locations impacted by dams.

Location and date

of spawning

Emergence date

before dam

Emergence date

after dam Difference F P-value

Cowlitz River

August 1 61.1 (7.0) 73.2 (14.6) 12.1 4.3 0.05

August 15 82.3 (8.6) 89 (13.8) 6.7 1.4 0.24

September 1 120.3 (11.6) 110.6 (12.2) )9.7 3.3 0.08

September 15 166.3 (20.3) 132.8 (9.9) )33.5 32.4 <0.0001

October 1 212.9 (20.7) 165.2 (11.3) )47.7 57.1 <0.0001

October 15 238.4 (17.9) 196.3 (15.3) )42.1 34.9 <0.0001

November 1 260.3 (15.7) 228.9 (14.8) )31.4 22.2 <0.0001

November 15 272.4 (14.6) 250.4 (12.7) )22.0 14.2 0.0009

Fall Creek

August 1 49.4 (4.1) 69.6 (8.1) 20.2 68 <0.0001

August 15 69.8 (5.1) 81.2 (8.8) 11.4 17.8 0.0001

September 1 104.4 (7.3) 98.3 (9.6) )6.1 3.6 0.06

September 15 137.8 (10.6) 116.7 (8.5) )21.2 47.2 <0.0001

October 1 179.5 (14.4) 147.2 (12) )32.3 57.6 <0.0001

October 15 207.2 (13.2) 182 (13.7) )25.2 30.4 <0.0001

November 1 234.2 (10.9) 218.9 (12.9) )15.3 13.2 0.0007

November 15 248.9 (9.9) 239.5 (12.2) )9.4 5.8 0.02

Willamette River

August 1 57 (4.8) 64.2 (4.2) 7.2 13.2 0.001

August 15 78.2 (5.4) 80.2 (3.6) 2.0 1.0 0.32

September 1 111 (8.0) 102.4 (5.3) )8.6 13.1 0.001

September 15 151.7 (11.0) 127.4 (10.8) )24.3 34.1 <0.0001

October 1 189.7 (17.3) 167.3 (16.4) )22.4 10.6 0.003

October 15 219.6 (17.2) 203 (15.8) )16.6 5.2 0.03

November 1 245.4 (16.5) 236.4 (15.0) )9.0 1.9 0.20

November 15 261 (14.6) 255.5 (13.2) )5.5 0.76 0.38

Rogue River

August 1 84.5 (16.7) 82.7 (8.5) )1.8 0.2 0.64

August 15 122.3 (25.2) 105.9 (7.3) )16.4 9.8 0.004

September 1 176.7 (25.7) 138.6 (11.4) )38.1 34.2 <0.0001

September 15 215.8 (19.8) 168.6 (13.7) )47.2 50.8 <0.0001

October 1 244.6 (16.1) 199.2 (13.3) )45.4 54.4 <0.0001

October 15 261.2 (14.8) 220.5 (12.0) )40.7 53.2 <0.0001

November 1 275.3 (11.8) 241.7 (10.0) )33.6 52.9 <0.0001

November 15 285.7 (12.3) 257 (8.8) )28.7 46.1 <0.0001

Emergence dates were predicted from water temperature recorded before and after the construction of dams. These dates are reported on a rela-

tive scale (days after August 1), along with the standard deviation of inter-annual variation in parentheses. Analysis of variance was used to infer

significant differences between predicted emergence dates before and after the construction of dams.
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of emergence. As a first approximation, we can calculate

this advance from records of water temperature and stud-

ies of developmental rate. Second, we must know the

relationship between the timing of emergence and the

survivorship of juveniles (s1). Unfortunately, this relation-

ship has not been resolved for any population of Chinook

salmon, let alone the populations that spawn near our

four dams. Therefore, we conducted a sensitivity analysis

by exploring a set of plausible relationships between the

date of emergence and s1.

As a first step in our analysis, we calculated emergence

dates in the Rogue River for a set of potential spawning

dates. We focused on the Rogue River because it lies close

to the Umpqua River and the Chinook salmon in these

two rivers undergo similar life cycles (Myers et al. 1998;

ODFW 2003); thus, we felt comfortable using the param-

eter values reported by Ratner et al. (1997) for our mod-

eling exercise. For each year for which we had thermal

data, we used a degree-day model to estimate the timing

of emergence associated with each spawning date (ranging

from August 1 to January 1). We summed thermal units

over successive days until we reached an empirically esti-

mated threshold for emergence (889 units; Wedemeyer

2001). Using this procedure, we calculated emergence

dates during the periods before and after the construction

of a dam. Although water temperatures recorded by the

gauges (Fig. 2) probably differ from those experienced by

embryos in the gravel, we assumed a similar relationship

between recorded temperatures and actual temperatures

existed before and after the construction of the dam.

As a second step, we used predicted dates of emer-

gence to estimate the potential impact on fitness. We

used hypothetical functions describing the relationship

between the date of emergence and s1; these functions

differed in the optimal date of emergence and the

strength of selection on the timing of emergence

(Fig. 4). Optimal emergence dates were chosen by

assuming development under predam conditions for

three spawning dates: September 1, October 1, and

November 1. These hypothetical spawning dates span the

temporal window of spawning within the Rogue River

(Myers et al. 1998; ODFW 2003). Three strengths of

selection were chosen based on a recent study of the

empirical relationship between emergence date and juve-

nile survivorship in Atlantic salmon (Einum and Fleming

2000). For all functions, the maximal value of s1 was set

to 0.00267 (Ratner et al. 1997). For each function, we

computed k for a genotype spawning before and after

the construction of the dam by inserting s1 in the matrix

model of Ratner et al. (1997).

Two insights emerged from this sensitivity analysis.

First, the water temperatures imposed by dams appear to

influence emergence dates in a complex manner

(Table 2). If salmon spawn in August, their fry would

emerge at approximately the same time or slightly later

than they would have emerged before the dam existed.

However, if salmon spawn in September or later, their fry

would emerge much earlier than they would have before

the dam. Because the thermal effects of dams change sea-

sonally, the results of our sensitivity analysis depend

strongly on the optimal date of emergence. In general, the

presence of a dam shifts the optimal spawning date to a

later time, such that offspring would emerge on the his-

torical date despite their accelerated development. How-

ever, the optimal spawning date shifts more for salmon

that historically spawned in October or November than it

does for salmon that historically spawned in September

(Fig. 5).

Within the range of conditions we considered, the

dam’s influence on developmental rate should have

caused the natural selection of spawning date. To illus-

trate this point, consider a hypothetical population in the

Rogue River whose optimal spawning date was September

1 before the construction of the Lost Creek Dam. Sup-

pose that immediately after the dam began to influence

water temperature, the mean spawning date was Septem-

ber 1 with a standard deviation of 12.4 days (based on

Beechie et al. 2006). Figure 6 illustrates the predicted rela-

tionships between the spawning date and the relative fit-

ness for the conditions of our sensitivity analysis. The

slope of each relationship represents a linear selection gra-

dient (b), which quantifies the strength of directional

selection (range = 0.024–0.036 day)1).

We can use these selection gradients in two ways.

First, we can standardize the selection gradients by the

standard deviation of spawning date; a standardized

Emergence date

Nov 9 Dec 29 Feb 17 Apr 8 May 28 Jul 17

Ju
ve

ni
le

 s
ur

vi
vo

rs
hi

p 
(s

1)
 

0.0000 

0.0005 

0.0010 

0.0015 

0.0020 

0.0025 

Figure 4 Nine hypothetical relationships between the timing of

emergence and the survivorship of juveniles (s1) used in our sensitivity

analysis. These relationships vary in the optimal date of emergence

(early, intermediate, and late) and the strength of selection for the

optimal date (strong, intermediate, and weak).
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selection gradient (br) provides a useful metric to com-

pare the strength of selection among traits and popula-

tions (Lande and Arnold 1983; Arnold and Wade 1984).

In our analysis, standardized selection gradients ranged

from 0.29 to 0.52, indicating strong selection compared

to values reported for other natural populations (King-

solver et al. 2001). Second, with knowledge of the phe-

notypic variance and the narrow-sense heritability of

spawning time, we can predict the evolutionary response

to selection (i.e., the change in the mean phenotypic

value per generation). Using a conservative estimate of

the heritability of spawning date (0.2; Hard 2004), we

predict an evolutionary change in the mean spawning

time of 0.7–1.1 days per generation, depending on the

relationship between emergence date and juvenile survi-

vorship (see Fig. 4). This calculation suggests the mean

spawning date would approach the new optimum within

20 generations (�85 years). Although the dam might

have caused a substantial loss in fitness (Fig. 5), evolu-

tion of the spawning date might have restored some of
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Figure 5 Predicted fitnesses (k) of Chinook

salmon before (filled symbols) and after (open

symbols) the construction of the Lost Creek

Dam on the Rogue River. Each plot corre-

sponds to one of the relationships between

emergence date and juvenile survivorship

depicted in Fig. 4. From left to right, plots

show earlier to later optimal dates of emer-

gence. From top to bottom, plots show

decreasing strengths of selection for emer-

gence on the optimal date.
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plots show decreasing strengths of selection
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this loss during the last three decades and may continue

to do so in the future.

Conclusions and future directions

Although dams have been altering the environments of

salmon for decades, we still have much to learn about

their ecological and evolutionary impacts. We explored

some potential impacts by quantifying the thermal

effects of dams and their consequences for the perfor-

mance of Chinook salmon. This exercise indicated that

dams impose substantial loss of fitness and strong selec-

tion of phenotypes. Given the high heritabilities of traits

such as spawning date (Dickerson et al. 2005; Neira

et al. 2006), the evolutionary responses to this selection

should be rapid. Understanding the process of adapta-

tion could help us to manage populations affected by

dams. Furthermore, this framework for analyzing physio-

logical, ecological, and evolutionary responses applies to

other kinds of environmental change experienced by sal-

mon.

Although our analysis offers insights on the potential

for adaptation, we do not know whether Chinook sal-

mon have actually adapted to the thermal changes

caused by dams. Our calculations involved many

assumptions to simplify the population dynamics of

Chinook salmon. For example, we assume juvenile survi-

vorship depends only on emergence date (i.e., no

density-dependence), spawning behavior does not influ-

ence other traits, and genetic variance remains constant

during adaptation. More complex models could relax

some of these assumptions to yield deeper insights. For

example, we might also consider processes that would

ameliorate a negative effect of early emergence on juve-

nile survivorship. A phenological advance of the entire

aquatic community could prevent a mismatch between

emerging fry and their prey. Furthermore, poor survivor-

ship of embryos could lead to better survivorship of fry,

through known mechanisms of density dependence

(Einum et al. 2008). Furthermore, we could consider the

interaction of spawning date and developmental rate

during adaptation. Our focus on spawning behavior sim-

ply reflects the fact that heritabilities of phenological

traits tend to exceed those of physiological traits

(reviewed by Carlson and Seamons 2008). Nonetheless, a

change in the thermal sensitivity of developmental rate

could also help salmon populations recover the loss of

fitness caused by dams. Indeed, physiological adaptation

might proceed more rapidly than behavioral adaptation

if genetic variance in spawning date erodes over time or

if adults incur substantial costs of delayed spawning. For

all of these reasons, one should interpret our analysis as

a means of generating testable hypotheses about the

impacts of dams and as a guide for identifying crucial

data to confirm these impacts.

Based on our analysis, we should improve predictions

about the impacts of dams by resolving certain empirical

relationships. Specifically, three factors contributed to the

range of selective pressures reported in Fig. 6: (i) the

thermal effects of dams; (ii) the historical date of spawn-

ing; and (iii) the relationship between emergence and sur-

vivorship. To precisely define selective pressures on

salmon, all three factors must be quantified empirically

for the population of interest. Moreover, a general under-

standing of these selective pressures requires that these

analyses be carried out for multiple dams. Furthermore,

additional data on the genetic variances of spawning date

and developmental rate would provide better estimates of

the response to selection. Finally, we can use experimental

approaches to establish whether populations have already

responded to the selective pressure predicted by our anal-

ysis. Common garden experiments, using eggs from pop-

ulations affected by dams and populations unaffected by

dams, could demonstrate whether developmental rate has

adapted to the changes in thermal regimes. Studies of

spawning date in a common garden would also be infor-

mative yet more challenging, because of the need to rear

large numbers of salmon to adulthood. Still, only field

studies can reveal how the thermal impacts of dams inter-

act with predation risk, food availability, and hydrological

conditions.

Finally, large dams do more than alter water tempera-

tures. Reservoirs upstream of dams impact the timing of

migration by juveniles, and reduced flows downstream of

dams prolong the migration of both juveniles and adults

(Waples et al. 2008). In some cases, dams prevent adults

from reaching their historical spawning grounds, reduc-

ing the extent and variability of habitats that might favor

one life-history type over another (Sheer and Steel

2006). Changes in physical habitats both upstream and

downstream of dams also create new opportunities for

predators and competitors. (Petersen and Kitchell 2001;

Levin et al. 2002). Dams are often mitigated by hatcher-

ies, which present another source of competitors and an

additional source of selection (Ford et al. 2006). Con-

struction of large dams has also facilitated massive with-

drawals of water for agricultural and municipal

purposes. Runoff from these areas increases the concen-

trations of nutrients, contaminants, and salts in down-

stream reaches (NRC 1996). These changes in water

quality adversely affect the development, growth, health,

and survival of salmon (Regetz 2003; Loge et al. 2005).

Given this combination of stressors, our analysis likely

represents an overly optimistic outlook on the ability of

salmon to adapt to the environmental changes imposed

by dams.
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Supplementary material

The following supplementary material is available for this

article online:

Figure A1 Actual and estimated daily mean tempera-

tures are highly correlated at gauges in Fall Creek and

Rogue River (USGS gauges 14151000 and 14337600,

respectively). These correlations span the range of values

for our gauges of interest (r2 ranged from 0.997 to

0.999). The sample size for each correlation is the number

of daily mean values recorded by the gauge. As a refer-

ence, we also show a line with an intercept of zero and a

slope of one.

Table A1. Maximal, minimal, and mean daily tempera-

tures recorded in the Cowlitz River by gauge 14238000.

Column C indicates whether a given daily temperature

occurred before or after construction of the dam. Col-

umns D, E, and F contain temperatures, and Column G

provides the data used in our analysis, with missing data

filled in by regression or interpolation. Column H defines

the type of missing data (see Appendix A for details).

Column I references the methods used to replace ‘Type 2’

missing data with estimated values (see Table A5 for

details).

Table A2. Maximal, minimal, and mean daily tempera-

tures recorded in Fall Creek by gauge 14151000. Columns

are formatted as in Table A1.

Table A3. Maximal, minimal, and mean daily tem-

peratures recorded in the Middle Fork of the Willamette

River by gauge 14148000. Columns are formatted as in

Table A1.

Table A4. Maximal, minimal, and mean daily tempera-

tures recorded in the Rogue River by gauge 14337600.

Columns are formatted as in Table A1.

Table A5. Detailed explanation of codes is shown in

Column I of Tables A1–A4. According to these codes,

whole numbers (e.g., 1, 2, 3) indicate that missing values

were replaced via regression. ‘I’ signifies that missing val-

ues were replaced via interpolation. ‘D’ signifies that

more than 60 values were missing during a given period

of interest (i.e., August 1–April 30 of the following year);

years containing these periods were deleted from the time

series.

Table B1. A comparison of plausible functions to

describe the relationship between water temperature (T)

and the probability of survival (P) by embryos. For each

model, we report both the AIC and the differential AIC

(Di), which is the difference between a given model’s AIC

and the lowest AIC. We also report the Akaike weight

(wi), which is the normalized likelihood that the model is

the best one in the set.

Table B2. A comparison of plausible functions to

describe the relationship between water temperature (T)

and the probability of survival (P) by fry. For each model,

we report both the AIC and the differential AIC ()i),

which is the difference between a given model’s AIC and

the lowest AIC. I also report the Akaike weight (wi),

which is the normalized likelihood that the model is the

best one in the set; the Akaike weights help us decide

whether we feel confident that the function with the low-

est AIC is actually the best function in the set.

Appendix A. Our gauges of interest contained missing

values in their records of daily mean temperature (Sup-

plementary materials: Tables A1–A4). We grouped these

missing values into two broad types and handled each

type differently. The first type consisted of days when the

minimal and maximal temperatures were recorded but

the mean temperature was missing. We estimated the

missing mean on such days by averaging the minimal and

maximal temperatures. This method produced estimates

that fit the actual mean values very well on days when

mean values were recorded. For example, r2 values ranged

from 0.997 to 0.999 for the four gauges, when the esti-

mated mean values were regressed against the actual

mean values (Fig. A1).
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Appendix B. Comparison of models describing the

thermal sensitivity of juvenile survivorship.

This material is available as part of the online article

from: http://www.blackwell-synergy.com/doi/abs/10.1111/

j.1752-4571.2008.00032.x.

Please note: Blackwell Publishing are not responsible

for the content or functionality of any supplementary

materials supplied by the authors. Any queries (other

than missing material) should be directed to the corre-

sponding author for the article.
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