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Abstract.—Steelhead Oncorhynchus mykiss display a dizzying array of life history variation (including the
purely resident form, rainbow trout). We developed a model for female steelhead in coastal California (close
to the southern boundary of their range) in small coastal streams. We combined proximate (physiological) and
ultimate (expected reproductive success) considerations to generalize the notion of a threshold size for
emigration or maturity through the development of a state-dependent life history theory. The model involves
strategies that depend on age, size or condition, and recent rates of change in size or condition during specific
periods (decision windows) in advance of the actual smolting or spawning event. This is the first study in
which such a model is fully parameterized based on data collected entirely from California steelhead
populations, the majority of data coming from two watersheds the mouths of whose rivers are separated by
less than 8 km along the coast of Santa Cruz County. We predicted the occurrence of resident life histories and
the distribution of sizes and ages at smolting for steelhead rearing in the upstream habitats of these streams.
We compared these predictions with empirical results and show that the theory can explain the observed
pattern and variation.

Rainbow trout Oncorhynchus mykiss display highly
variable life histories. They are facultatively anadro* Corresponding author: satterth@darwin.ucsc.edu
Received August 8, 2008; accepted December 21, 2008
Published online May 4, 2009

mous and iteroparous, as both resident and anadromous
forms potentially spawn repeatedly. Among anadromous fish (steelhead), there is great variability in age at
emigration and age at return, along with the probability
of repeat spawning. Thorpe (2007) identified 32
possible life history trajectories for steelhead, and this
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large diversity of life histories presents a great
challenge for managing the species. Changes in
freshwater conditions (e.g., due to water management
or climate change) may alter demographic rates along
the fish’s current life history trajectories and send fish
on alternative life history pathways with radically
different demographic results. Understanding when this
will happen is a key challenge. Here we illustrate how
state-dependent life history theory can help meet this
challenge by predicting life history responses to the
unique environmental conditions faced by steelhead on
California’s central coast.
Although there is clearly evidence for some degree
of genetic control over the life histories exhibited by
individual steelhead (Tipping 1991; Martyniuk et al.
2003), there is also substantial evidence for plasticity in
life history in response to the environment (Zimmerman and Reeves 2000). For instance, anadromous
steelhead may spawn resident offspring (rainbow
trout), and the offspring of rainbow trout may emigrate
to the ocean (Pascual et al. 2001; Thrower et al. 2004;
Olsen et al. 2006; Ciancio et al. 2008). Thus, a model
used to predict life histories in steelhead should allow
for a combination of genetic and environmental effects,
tailored to the local environments experienced by the
specific populations of interest.
Steelhead are widely distributed in streams draining
into the northern Pacific Ocean. Across this geographic
range, life histories often vary in predictable ways
(though with considerable variation both across and
within regions). For example, steelhead from more
northerly streams (where productivity and growth rates
are lower) often smolt at older ages than do steelhead
from southerly streams (Busby et al. 1996; Savvaitova
et al. 2001), and resident populations are often found
above barriers to anadromy.
The steelhead in central California are of particular
interest for several reasons. These fish are near the
southern limit of the species range, facing environmental conditions quite distinct from more northerly
steelhead populations. In the Mediterranean climate,
temperatures are typically high relative to northern
populations; mild winters and productive, high-flow
springs support the highest growth rates (Hayes et al.
2008). By contrast, rainfall is low and streamflow can
become very low during the summer and fall, when
growth is most strongly limited. Furthermore, small,
flashy coastal streams frequently feature sandbarclosed estuaries during low-flow periods that may
provide ideal growing habitat (Thorpe 1994; Bond et
al. 2008; Hayes et al. 2008) but also constrain potential
emigration and return dates to periods when streamflow is high enough to breach the sandbar.
In developing predictive models, the alternative life
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history pathways available to steelhead can be viewed
in the context of demographic and life history tradeoffs
(Mangel 1994; Thorpe et al. 1998; Mangel and
Satterthwaite 2008). Larger females are more fecund
(Allen and Sanger 1960; DuBois et al. 1989) and, while
the effect of size on male reproductive success is often
difficult to quantify and is usually frequency dependent
(Jones and Hutchings 2001), large males are at a
competitive advantage in acquiring mates. The quantitative analysis here applies to female fish, whose
strongly size-dependent fecundity would tend to favor
the anadromous life history owing to enhanced growth
opportunities in the ocean. At the same time, survival
in the ocean can be low and size dependent (Ward and
Slaney 1988; Ward et al. 1989; Bond et al. 2008),
tending to favor delayed smolting at larger sizes. Since
the process of emigration itself or long delays before
emigration can both carry substantial mortality risk,
maturity as a freshwater resident might offer a
sufficient survival advantage to be favored under some
conditions, or we might expect a mixture of anadromous and resident fish. One goal of our work is to
identify these conditions.
Since at least as early as 1957, we have had
conceptual models of smolting based on a threshold
size for emigration (Elson 1957; as applied to Atlantic
salmon Salmo salar, which has a facultatively
anadromous, iteroparous life history similar to that of
steelhead). More recent work used the growth rate
during a specific period as a cue for migration,
assuming that a high growth rate will take fish to a
critical size for ocean survival before ocean entry (e.g.,
‘‘smolting size’’; Peven et al. 1994; see Hayes et al.
2008 for a comparison of growth trajectories against a
150-mm minimal ocean entry size). While useful for
predicting large-scale behavior patterns, this approach
cannot account for the wide variation observed in
individual smolt sizes (e.g., Shapovalov and Taft
1954), nor can it explain the apparent importance of
growth rate as well as size in determining saltwater
readiness (Mangel 1994; Metcalfe 1998; Thorpe et al.
1998).
Mangel (1994) and Thorpe et al. (1998) describe a
life history modeling framework that more comprehensively compares the different life history options
available to Atlantic salmon (and potentially to
steelhead–rainbow trout) and allows for individual
variability in both their physiological responses to the
environment and their resulting life history pathways.
These models involve strategies that depend on age,
size or condition, and the recent rate of change in size
or condition during specific periods (decision windows) in advance of the actual smolting or spawning
event. The idea of decision windows in Atlantic salmon
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FIGURE 1.—Timeline of the model of steelhead life history. The intervals are designated according to their corresponding
survival rates (sp), as described in the appendix.

has received empirical support (summarized in Thorpe
et al. 1998) as has the idea of genetically determined
physiological thresholds that vary among populations
(Piche et al. 2008).
The data requirements of these models are formidable, requiring a description of freshwater growth;
survival rates in freshwater, during emigration, and in
the ocean; expected adult return size; and size-specific
fecundity. Ideally, all of these data would be watershed
specific. To date, we know of no study that has
attempted to fully parameterize such a model (but see
Mangel 1996; Mangel and Satterthwaite 2008), let
alone with data from a single geographic location. In
this paper, we present a state-dependent life history
model (Mangel and Clark 1988; Clark and Mangel
2000) for steelhead (specifically tailored to the seasonal
patterns on California’s central coast) based on data
collected entirely from California steelhead populations, the majority of the data coming from two
watersheds (Scott and Waddell creeks) the mouths of
whose rivers are separated by less than 8 km along the
coast of Santa Cruz County, California (378N, 1228W).
We compare these predictions with smolt age data
reported by Shapovalov and Taft (1954) and unpublished observations of patterns in residency.
Methods
Conceptual framework.—We assume that smolt
transformation and sexual maturation are processes
that must be initiated in advance of the actual acts of
emigration or spawning. We further assume that there
are specific decision windows in advance of these
events during which a fish commits itself to one

developmental pathway or another based on its current
size and recent growth rate. We assume that the way in
which a fish responds to its size and growth rate during
these windows is under genetic control and thus that
natural selection will tend to favor response strategies
that maximize fitness (see Hazel et al. 1990).
For simplicity, we assume that the major events in a
steelhead’s life (emergence from the gravel, the
smolting decision window, the maturation decision
window, spawning, and emigration to the ocean) occur
at fixed times each year. The timing of these events
may vary from year to year based on environmental
conditions, but we seek only to find general rules of
thumb that steelhead development are predicted to
follow based on the consistent general timing of these
events and the environmental conditions driving them
(Høgåsen 1998). Further, photoperiod as a cue
probably constrains large changes in timing from year
to year (Clarke 1989; Duston and Saunders 1992).
Specifically, we assume the timing of events
described in Figure 1, which is inferred from previous
studies of these systems (Shapovalov and Taft 1954;
Hayes et al. 2008) and our own field observations. Fish
spawn in early spring (nominally March 15), and fry
emerge from the gravel in late spring (May 1). Smolts
emigrate in midspring (May 1) at age 1 or older. Hayes
et al. (2008) describe fish that may begin migration at
various times only to spend long periods rearing in
freshwater lagoons formed by sandbars at the river
mouth prior to ocean entry. We do not explicitly model
this life history pathway in this paper but instead focus
on direct emigration to the ocean. We infer the
existence of a 2-month decision window (Metcalfe et
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al. 1988; Mangel 1994; Thorpe et al. 1998) preceding
smolting, nominally running from November 1 to
December 31. We assume a 1-month maturity decision
window nominally running from April 1 to April 30,
10.5 months in advance of spawning. We postulate that
the maturity decision window should in general come
earlier in the year than the smolting decision window
because spawning occurs earlier in the year than does
emigration, and (especially for females) sexual maturity probably involves more substantial physiological
investment and more time for complete development.
In year 0, the maturity decision window could precede
emergence, and the next maturity window would not
come until after potential spawning at age 1. To provide
the option of spawning at age 1, for age-0 fish we
determined the optimal maturity decision for fish based on
their size on November 1 and then identified combinations of emergence date and growth rate that yield fish of
those sizes, identifying conditions immediately after
emergence that are predicted to lead to maturity.
We do not expect that fish follow these exact
decision rules or that fish project expected fitness
according to the equations presented below. Rather, we
expect that natural selection should favor fish that
respond to the cues available to them about their
environment and growth and developmental status in
ways that lead to realized life history trajectories
similar to those predicted to yield the highest fitness.
We use the word ‘‘decision’’ in the same sense as
Gotthard (2008), not implying a cognitive process but
instead a series of developmental switches along
alternate physiological pathways.
State variables.—We use stochastic dynamic programming (SDP; Mangel and Clark 1988; Clark and
Mangel 2000) to identify the optimal developmental
pathways for a female steelhead, given its current size,
age, and growth. Table 1 presents a full list of variable
names, values used, and data sources for the model. As
a measure of fitness, we use expected total lifetime
reproduction. We do not account for generation time
effects owing to uncertainty as to the appropriate
baseline population growth rate. The costs of delayed
reproduction are highly sensitive to population growth
rate (large costs occurring if populations are growing
rapidly), but if populations are stable over the long run,
changes in generation time do not affect fitness. If
populations are declining, as may be the case for
steelhead recently, increased generation time actually
increases fitness (Gardner and Mangel 1997).
Working backward through time from the possible
endpoints of a fish’s life, we describe its expected
fitness as a function of three state variables: (1) its fork
length l (mm), (2) an indicator g of whether it has
initiated sexual maturation (g ¼ 0 representing
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immature fish, g ¼ 1 representing maturing fish), and
(3) an indicator e of whether it is preparing to smolt (e
¼ 1) or not (e ¼ 0). We use fork length as opposed to
other length measures to facilitate comparison with
field data; for brevity, we will refer to this quantity as
simply length for the remainder of the paper. At the end
of decision windows, a fish is described by an
additional state variable, b (its length at the beginning
of that window) that allows calculation of its growth
rate over the course of the decision window as
described below. Thus, at any time (t, measured in
days since January 1 of the year the fish emerged) we
seek to specify the expected lifetime fitness F(l, b, g, e,
t) of a fish on the basis of its state variables, the state
variable b being dropped except at the end of a decision
window.
Dynamic programming equations.—We calculate
terminal reward separately for resident rainbow trout
and emigrating steelhead. Resident rainbow trout
receive a terminal reward at the latest possible
spawning event but can also accrue fitness during
earlier spawning events. We assign expected lifetime
fitness to steelhead at the time of emigration, implicitly
accounting for potential repeat spawning at the time of
first emigration.
The fitness of a resident rainbow trout at the time of
final spawning, Tsf, is

/ðlÞ if g ¼ 1;
ð1Þ
Fðl; g; e; Tsf Þ ¼
0
otherwise:
That is, a sexually mature fish receives a fitness
benefit based on its size-dependent egg production
u(l), which is described below. A sexually immature
fish receives no fitness at the time of spawning and has
no potential for future fitness since this is the last
possible spawning event for that fish.
Fish spawning at earlier times (generically denoted
by ts) receive a similar fitness increment if sexually
mature, along with their expected lifetime fitness at the
next time step if they survive. When assigning future
fitness, fish are assumed to select the optimal
developmental pathway available to them at any point
in the future, given their state at that time. This depends
upon time-dependent survival s(t) and size, developmental pathway, and time-dependent growth to new
size l 0 (l, g, e, t) so that

Fðl; g; e; ts Þ ¼

f

/ðlÞ þ sðtÞ  F½l 0 ðl; g; e; ts Þ; g; e; ts þ 1
if g ¼ 1;
sðtÞ  F½l 0 ðl; g; e; ts Þ; g; e; ts þ 1
otherwise:
ð2Þ

In equation (2), we assume that there is no survival
cost of spawning per se, and the baseline simulations
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TABLE 1.—Variable baseline and alternative values used, and citations for parameters in the state-dependent model of
steelhead life history. See Methods for further details.
Symbol
t
ts
te

F
l
b
g
e
/(l)

U
r(l)

l

sp
sb
s0
s1
s2
s3
s4
s5
a
b

Definitiona
Time
Date of emergence
Date of resident spawning
Date of emigration
Date of start of smolting window
Date of end of smolting window
Date of start of maturity window
Date of end of maturity window
Expected lifetime egg output, given
current state and time
Fork length (mm)
Fork length (mm) at the start of the
decision window
Maturity switch: 1 ¼ maturing,
0 ¼ immature
Smolting switch: 1 ¼ smolting,
0 ¼ freshwater physiology
Length-specific egg production of
resident female spawners
Resident survival through spawning
event per se
Expected lifetime egg production of
an anadromous female
Size-specific marine survival from
smolting to first spawning

Time- and state-dependent expected
future size, calculated as follows:
growth (mm/d) through Dec 31 of
first year of fish’s life
Specific growth rate in length during
winter (Nov–Jan) for age-1þ fish
Specific growth rate in length during
spring (Feb–Apr) for age-1þ fish
Specific growth rate in length during
summer (May–Jun) for age-1þ fish
Specific growth rate in length during
fall (Aug–Oct) for age-1þ fish
Asymptotic size achievable in freshwater
Fraction of baseline growth (in length)
achieved by maturing fish
Freshwater survival over the following
periods:
Deposition of egg to start of age-0
smolting decision window
Smolting decision window, age-0 fish
End of smolt window to spawning,
age-1 þ fish
Spawning to start of maturity window,
age-1 þ fish
Maturity window, age-1þ fish
End of maturity window to start of
smolting window, age-1þ fish
Smolting decision window, age-1þ fish

Baseline value

Sourceb

Variants

121
74
121
305
365
91
121

0.0974(l/10)2.1169
1

Shapovalov and Taft (1954)
0.417

Shapovalov and Taft (1954),
Ward et al. (1989)
Shapovalov and Taft (1954)

capped at 0.433 or halved
across the board

Bond (2008), Shapovalov (1967),
Shapovalov and Taft (1954)

0.119 mm/d

up to 150% of baseline

Hayes et al. (2008)

0.0093633

up to 150% of baseline

Hayes et al. (2008)

7,100
0.84
þ
þ
þ

exp(8.657
0.0369l)/[1
exp(8.657
0.0369l)]

0.00210447

up to 150% of baseline

Hayes et al. (2008)

0.00049033

up to 150% of baseline

Hayes et al. (2008)

0.00023787

up to 150% of baseline

Hayes et al. (2008)

250 mm
0.83

500 mm
1

0.0087

0.701

(Shared by all trajectories,
so never varied)
(Shared by all trajectories,
so never varied)
Raised to 0.50 or 0.25

Allen (1986)

0.931

Raised to 0.50 or 0.25

Allen (1986)

0.702
0.393

Raised to 0.50 or 0.25
Raised to 0.50 or 0.25

Allen (1986)
Burns (1971), Allen (1986)

0.753

Raised to 0.50 or 0.25

Allen (1986)

0.519

Tuned to yield R0 ¼ 1 for optimal
strategy in baseline scenario
Burns (1971)

All dates are days of the year from January 1.
May have required intervening calculations and analyses (see text).

were carried out given this assumption. Alternatively,
we might calculate the survival cost of spawning per se
as follows. Ward et al. (1989) suggest that large
emigrating fish have an ocean survival rate of about
43.3%. However, Shapovalov and Taft (1954) report a
ratio of 15 second-time spawners to 83 first-time

spawners, suggesting that in a population which has
reached a stable age distribution, survival to second
spawning is 15/83, or 18.1%. Assuming that the extra
mortality must come from the costs of spawning, this
would suggest a spawning survival rate of 18.1/43.3, or
41.7%. This probably overestimates the true cost of
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spawning in resident rainbows as their smaller size and
lower metabolic demands might make recovery easier
in the food-poor river environment, and an average
spawning survival rate of 56% has been reported for
mature Atlantic salmon parr in Newfoundland (Myers
1984; Berglund 1992; summarized in Fleming 1996).
Nevertheless, we use the probably pessimistic estimate
of 41.7% spawning survival.
For emigrating steelhead, we assign all fitness at the
time of emigration, implicitly accounting for multiple
spawnings. Emigrating smolts receive fitness based on
their expected size-dependent survival when they leave
the river system r(l) and the expected lifetime
fecundity of a steelhead U, including its size-dependent
fecundity at first return and additional fitness from
repeat spawnings, discounted by the probability of kelt
survival as described below. We assume that the size of
a returning steelhead is independent of its size at
emigration (Sutherland 1973; Pearson 1993; Snover et
al. 2005), which may also be justifiable in light of data
suggesting that size only accounts for a small amount
of the variation in fitness within the class of large
anadromous females (Seamons et al. 2004). Fish
following other developmental pathways at this time
(te) receive their expected fitness in the next time
period, if they survive. Thus,
Fðl; g; e; te Þ

rðlÞU
¼
sðtÞ  F½l 0 ðl; g; e; te Þ; g; e; te þ 1

if e ¼ 1;
otherwise:
ð3Þ

At the end of the maturation decision window (tdg),
fish currently uncommitted to either developmental
pathway are assumed to select the maturation pathway
that maximizes their expected fitness, while fish
committed to a pathway continue along that pathway.
Mathematically,

Fðl; b; 0; 0; tdg Þ ¼ sðtÞ  maxg F½l 00 ðl; b; g; 0; tdg Þ;
g; e; tdg þ 1g;
Fðl; g; e; tdg Þ ¼ sðtÞ  F½l 00 ðl; b; g; e; tdg Þ; g; e; tdg þ 1
if already committed;
ð4Þ
where l 00 (l, b, g, e, t) is the expected size resulting from
growth between time t and time t þ 1, updated on the
basis of how quickly the fish grew over the decision
window as determined by comparing l to l 0 (b, g, e, t 
1), as described below.
The top equation indicates that a previously
uncommitted fish will smolt if the product of ocean
survival at its expected size at emigration and lifetime
reproductive output of a returning steelhead is greater
than the expected lifetime fitness of a fish that remains
a parr and grows to a larger size before making an
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optimal decision in the future, each option being
discounted by the expected mortality between the
decision window and reproduction. The bottom
equation indicates that if a fish has already committed
to a life history pathway, it cannot change its trajectory.
Similarly, uncommitted fish are assumed to select
the optimal smolting pathway at the end of the smolt
decision window (tde), while other fish continue along
their previous path, that is,
Fðl; b; 0; 0; tde Þ ¼ sðtÞ  maxe fF½l 00 ðl; b; 0; e; tde Þ;
g; e; tde þ 1g;
Fðl; g; e; tde Þ ¼ sðtÞ  F½l 00 ðl; b; g; e; tde Þ; g; e; tde þ 1
if already committed:
ð5Þ
For any other time period, fish continue along their
designated developmental pathway, that is,
Fðl; g; e; tÞ ¼ sðtÞ  F½l 0 ðl; g; e; tÞ; g; e; t þ 1:

ð6Þ

We assume that once a developmental pathway has
been initiated, it cannot be abandoned; thus, sexually
mature fish cannot later smolt and smolting fish cannot
mature in freshwater. This may not be appropriate for
males (Shapovalov and Taft 1954) but appears
appropriate for females.
Parameterization and data sources.—To characterize the size-dependent production of eggs of fish
maturing in freshwater, we used the equation
/ðlÞ ¼ 0:974  ðl=10Þ2:1169 ;

ð7Þ

where l is measured in millimeters (Shapovalov and
Taft 1954:148). This same equation provides a good fit
to the egg production of smaller rainbow trout as
measured by Allen and Sanger (1960), estimating the
average rainbow’s fecundity within 5% of the reported
value.
We determined the size-dependent expected marine
survival of emigrating smolts,
rðlÞ ¼ 0:84

e8:657þ0:0369l
;
1 þ e8:657þ0:0369l

ð8Þ

as follows: First, we estimated size dependence in the
relative survival of hatchery smolts by fitting a logistic
model to data from Scott Creek (Bond et al. 2008).
Second, we rescaled so that the predicted survival for
the modal length of wild age-2 Waddell Creek smolts
moving downstream (165 mm; Shapovalov and Taft
1954) would match their reported average survival
(6%; Shapovalov 1967). This rescaled smolt survival
function also corresponded within 1% of survivals
reported by Shapovalov (1967) for age-1 and age-3
smolts, length at age inferred from Shapovalov and
Taft (1954).
This two-step process was made necessary by the
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nature of our respective data sources on smolt survival
for central California creeks. In Bond et al. (2008), a
large number of hatchery fish were released, all marked
as hatchery fish but not uniquely identifiable. A
subsample of 542 of these fish were measured before
release. Fifty-two of these fish were recaptured heading
upstream to spawn, their length at ocean entry
estimated by scale reading (see Bond et al. 2008 for
details). To estimate size dependence in relative
survival, we grouped the lengths of released and
surviving fish into 10-mm bins and used maximum
likelihood techniques to fit a logistic function modeling
survival as a function of length, calculating survival
within each bin based on its midpoint length and
assuming binomial error in the data. This assumed that
the measured subset of released fish was the entire
starting population, and since this is not true, the final
survival estimate would need to be adjusted down
accordingly. However, it would also need to be
adjusted up to account for the (unpublished) trapping
efficiency of returning spawners and to account for the
higher survival of wild versus hatchery smolts (Ward
and Slaney 1990). Further, historic (and evolutionarily
relevant) smolt survivals in these watersheds may be
better represented by the data of Shapovalov (1967)
since ocean survival of steelhead seems to have
declined since 1990 (Ward 2000), but the data of
Shapovalov (1967) alone do not allow estimating size
effects with high resolution.
Since very few large (.220-mm) smolts were
released, the estimated survival rates for large smolts
implied by the model may be unreasonably high.
Alternatively, for some of the sensitivity analyses
discussed below we set a maximum survival probability of 43.3% based on the data of Ward et al. (1989).
The expected lifetime fecundity of a returning
steelhead (U) was calculated on the basis of data
presented in Shapovalov and Taft (1954). We derived a
value of 7,100 for this variable by calculating the
average across years of the expected fecundity of the
average-sized steelhead at its first spawning (Table 32
in Shapovalov and Taft 1954), plus the expected
fecundity of the average second- and third-time
spawners discounted for survival based on the relative
numbers of new and repeat spawners. This corresponds
to the fecundity of a 668-mm fish in a single spawning
event according to equation (7), within the size range
of returning steelhead but larger than any resident
rainbow trout in these streams (maximum of ;300
mm, with very few fish .250 mm).
We estimated freshwater survival based on values
reported for coastal streams in northern California
(Burns 1971; Allen 1986; Bley and Moring 1988),
adjusted for model time intervals as described in the

appendix. Taken together, these estimates yield an
annual survival of 14% for age-1 and older (hereafter,
age-1þ) fish.
Freshwater growth rates.—We modeled growth
rates as described for upstream fish in Hayes et al.
(2008). Age-0 fish grew at 0.119 mm/d until October
31 of their first year of life, regardless of size. Older
fish grew in length at season-dependent specific growth
rates (in length) of 0.0938%/d during winter (November–January), 0.211%/d during spring (February–
April), 0.0496%/d during summer (May–July), and
0.0237%/d during fall (August–October).
This model allows growth to unlimited sizes;
however, bioenergetic models suggest limits on the
sizes that fish can achieve in a given environment
(West et al. 2001). For the majority of computations
here, we cap the length achievable in freshwater at 250
mm (although growing to this length at the rates
reported by Hayes et al. [2008] would take over 5
years, far longer than most fish would be expected to
live), allowing for longer lengths when performing
sensitivity analyses, as specified.
Although we lack detailed data on the energetic costs
of smolting and maturing, maturity in particular is
likely to carry a significant energetic cost, ovaries
making up a substantial fraction of body weight in
adult females. Based on the calculation that 19% of an
adult rainbow trout’s body weight might be ovaries
(Allen and Sanger 1960), we reason that approximately
19% of mass growth in a maturing rainbow goes into
gonadal development rather than somatic growth. The
exact effect of this reduction in growth in mass on
growth in length depends on the size of the fish;
however, for fish 35–250 mm long, growth in length is
always 82–84% of baseline, so we reduce growth in
maturing fish to 83% of baseline. In Results, we report
the impact of eliminating this reduction in growth rate
for maturing fish.
At the end of decision windows (see equation 5), we
updated expected growth based on recent growth by
comparing length at the end of the window with that
which would be predicted based on length on the start
of the window, that is,
m ¼ ½l=l 0 ðb; g; e; t  1Þq ;
l 00 ðl; b; g; e; tÞ ¼ m  l 0 ðl; g; e; tÞ;

ð9Þ
ð10Þ

where l is the length of the fish at the end of the
decision window and b is the length of the fish at the
start of the decision window (thus, l 0 [b, g, e, t  1] is
the expected size of the fish at the end of the decision
window). Values of q near 0 imply that fish ignore
recent growth rates; values near 1 imply that recent
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FIGURE 2.—Combinations of emergence date (days since
January 1) and growth rate for which age-0 females are
predicted to mature as parr. The cross indicates the model
predictions of size and growth rate during the decision
window, the gray box the estimated range of emergence dates
and growth rates from Hayes et al. (2008 [raw data and
inferred maximal and minimal growth rates; see Methods]).
The dark lines represent the boundaries between the
combinations for which we predict that fish will mature and
those for which we predict that fish will remain immature.

growth factors heavily into expected size in the future.
For the computations presented here, we use q ¼ 0.3.
Model outputs.—For any combination of sizes at the
start and end of each decision window, the model
generates a prediction as to whether an optimally
behaving fish will smolt or mature under those
conditions. This allows us to generate phase-space
plots of optimal decisions as a function of size at the
end of the decision window and growth over the course
of the window. This allows the identification of size
thresholds for smolting, although the size threshold
may change depending on growth rate, illustrated by
nonvertical lines separating regions of size–growth
phase space with different predicted behaviors.
By comparing the optimal state-dependent decisions
with the expected growth trajectories of individual fish,
we can also predict the ages at which fish first smolt or
mature. We make predictions for the most common life
history trajectory given average growth or predict
distributions of life histories for fish growing faster or
slower than average. Since age advances over the
winter, a prediction that fish will initiate smolting at
age a implies they will actually emigrate at age a þ 1,
and fish starting to mature at age a will first spawn at
age a þ 1.
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To compare our predictions of emergence date and
growth rate-dependent age-0 maturity against the
expected range of emergence dates and growth rates
in the field, we estimated the bounds on emergence
dates as those sample dates on which Hayes et al.
(2008; raw data for their Figure 3) captured fish smaller
than 27 mm FL. We set the lower bound for age-0
growth rate as 2 SE below the lowest estimated mean
from Hayes et al. (2008; their Table 3) and estimated
the upper bound on growth rates based on the apparent
fastest-growing individual in the raw data for their
Figure 3, with one individual 72 mm longer than
typical emergence length 280 d after the inferred
earliest emergence date. We compare size- and growthrate-specific smolting predictions for age-0 fish against
the range of sizes for age-0 fish at the end of the year
reported in the raw data for Figure 3 of Hayes et al.
(2008), the upper and lower bounds on potential age-0
growth taken as the lowest and highest estimates from
their Table 3 (62 SEs). For older fish, we compare
state-dependent predictions against the size ranges
predicted for those intervals by Hayes et al. (2008; their
Figure 7), growth rates based on mean specific growth
rate applied to the sizes fish would be at the start of the
decision window. However, Hayes et al. present 90%
confidence intervals on the size achieved by a fish
growing at the mean time-dependent growth rate rather
than a 90% confidence interval on lengths reached by
individually variable fish. With a large sample size,
fish may spread over a much wider range of sizes than
the 90% confidence interval on the mean; thus, fish
may cover an even wider range of size at age than the
figures in Hayes et al. (2008) suggest.
We programmed the model in R (R Development
Core Team 2007); the code is available upon request
from the corresponding author.
Results
Baseline
Along a typical growth trajectory, female fish are
predicted to neither initiate maturation nor begin
smolting at age 0 (Figures 2, 3a). Compared with the
emergence dates and growth rates seen in the field,
only the very largest–earliest emerging and fastestgrowing age-0 fish are predicted to initiate maturity
(Figure 2). Even larger age-0 fish are predicted to smolt
(Figure 3a), but it seems unlikely that age-0 fish can
grow this large in upstream habitats. The model also
predicts that age-0 fish with growth rates very near zero
would mature since they will take a very long time to
reach a size at which they can smolt with an
appreciable chance of marine survival, and the model
allows some egg production even at arbitrarily small
size.
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FIGURE 3.—Phase-space graphs for predictions of (a) the age-0 smolting decision, (b) the age-1þ maturity decision, and (c) the
age-1þ smolting decision for female fish. In (a), the cross indicates the model predictions of size and growth rate during the
decision window, the gray box the estimated range of sizes and growth rates from Hayes et al. (2008 [raw data and inferred
maximal and minimal growth rates; see Methods]). In (b) and (c), the crosses indicate the model predictions of size and growth
rate during the decision window for age-1 (left) and age-2 (right) fish, the gray lines the range of sizes predicted for these
intervals by Hayes et al. (2008; their Figure 7). Recent growth is defined as growth over the course of the decision window.

Most age-0 fish are predicted to wait until age 1 or
older before committing to a life history trajectory.
Only very small age-1þ fish, smaller than any age-1þ
fish that have been sampled, are predicted to mature at
age 1 (Figure 3b) since such fish would take a very
long time to reach smolting size and would very likely
die first. Among age-1 fish, those growing at the
expected rate would be predicted to forego smolting as
well, but the larger and faster-growing age-1 fish (those
104 mm or longer on December 31 if growing as
expected) are predicted to initiate smolting and thus
emigrate at age 2 (Figure 3c). Almost all remaining fish
are predicted to be large enough to initiate smolting at
age 2 and therefore emigrate at age 3.
Thus, among fish with varying emergence times and
growth rates, we predict that the very fastest- and
earliest-emerging fish will mature as parr, none will
emigrate at age 1, some of the faster-growing fish will

emigrate at age 2, most of the remainder will emigrate
at age 3, and a few fish will emigrate at age 4.
However, it must be realized that each year of delay
carries a substantial risk of mortality. Thus, among fish
that actually live long enough to commit to a life
history trajectory, we predict relatively few mature
parr, a substantial number of age-2 and age-3
emigrants, and very few age-4 emigrants.
These predictions are largely consistent with the
emigrant ages inferred from scale readings of spawners
in Waddell Creek by Shapovalov and Taft (1954), as
summarized in Figure 4. However, they report age-1
emigrants as well. Although some of these presumed
age-1 emigrants may actually be older fish incorrectly
aged because of a lack of annulus formation in the
estuarine habitats (Hayes et al. 2008), fish as small as
60–70 mm have been observed migrating down lower
Scott Creek (Hayes et al. 2008), and these fish may be
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FIGURE 4.—Inferred age (freshwater [FW]/saltwater [SW])
at first spawning for Waddell Creek females in 1933–1942
(adapted from Table 28 in Shapovalov and Taft 1954).

on course to emigrate at age 1. In addition, Figure 4
may underrepresent the proportion of age-1 emigrants
if they have lower ocean survival than the older smolts.
Our model predicts that fish need to be at least 104
mm in December to initiate smolting (and thus
approaching 129 mm by May). However, Hayes et
al. (2008; their Figure 6) report some fish considerably
smaller than this moving downstream and possibly
smolting, with the majority of smaller fish moving
down earlier in the year. Such fish may be taking
advantage of superior growth opportunities in the
estuary before entering the ocean (Thorpe 1994; Bond
et al. 2008), such that they enter the ocean at sizes near
what would be predicted for larger fish emigrating
directly from the upstream habitats. A further complication interpreting these data are that not all fish
migrating downstream are smolting; some may simply
be competitive subordinates displaced from upstream
habitats (Leider et al. 1986; Keeley 2001).
The prediction that very few females will mature in
freshwater is harder to test against published results.
Resident populations are found above multiple waterfalls in the Scott Creek watershed, but these waterfalls
act as barriers to anadromy so resident life histories
would be expected. Some mature resident rainbow
trout have been observed spawning below the falls;
however, it is unclear how many of these fish were
originally spawned below the falls rather than migrating downstream from resident populations above the
falls.

is important to assess how robust the predictions of the
model are to changes in each parameter, to quantify the
uncertainty, and to prioritize future data acquisition. In
addition, these sensitivity analyses may predict the
response of steelhead to alterations in the environment,
such as changes in temperature, food supply, and
survival.
Evolved behavioral thresholds would probably take
many generations to change in response to a new
environment. Over the short term we expect fish to still
select developmental pathways based on their old size
thresholds. Thus, changes in growth might lead to
different ages at smolting (for example), but over the
short term these changes would be made based on old
decision rules. By contrast, changes in survival (river
or ocean) would not lead to different sizes during the
decision windows and thus would not lead to different
life history pathways over the short term. However,
following the old decision rules in new conditions may
lead to reduced fitness. Over the long term, new
decision rules might be expected to evolve, possibly
leading to the loss of some life history pathways.

Sensitivity Analyses

Effects of Growth Rates: Short Term

We reran our model after changing key assumptions
or parameter estimates to assess the sensitivity of
model predictions. These sensitivity analyses serve two
purposes. First, there is uncertainty associated with all
of the parameter estimates entering into the model, so it

Over the short term, we predict that changes in
growth rates will mainly affect age at smolting. If age1þ fish grow faster, even more would be expected to
initiate smolting at age 1 and emigrate at age 2.
Overall, this would shorten generation time and lessen

FIGURE 5.—Combinations of emergence date (days since
January 1) and growth rate for which age-0 females are
predicted to mature as parr, given high stream survival, no
limit on the long-term sizes achievable in freshwater, and a
low limit on the survival of large smolts. See Figure 2 for
additional details.
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FIGURE 6.—Phase-space graphs for predictions of (a) the age-0 smolting decision, (b) the age-1þ maturity decision, and (c) the
age-1þ smolting decision for female fish, given high stream survival, no limit on the long-term sizes achievable in freshwater,
and a low limit on the survival of large smolts. See Figure 3 for additional details.

cumulative exposure to freshwater mortality risk,
boosting fitness. If age-1þ fish grew more slowly,
more of them would be expected to delay smolting, at
the cost of extra instream mortality risk and longer
generation times. However, changes in growth rate are
never predicted to promote age-1þ fish maturing in
freshwater over the short term. Among age-0 fish, more
rapid growth might lead to more of the fastest-growing
fish maturing, and some might even reach sizes
sufficient for smolting without using the estuarine
habitat.
It seems that faster growth favors initiating maturation as an age-0 fish but not as an older fish for two
reasons. First, for age-0 fish there is a shorter period of
time between the maturity decision window and the
next spawning opportunity than there is for older fish,
so in general it is easier to select for maturation in age0 fish. In addition, even fast-growing age-0 fish are
generally too small to have a high probability of marine
survival as smolts, so moderate increases in growth rate

tend to favor maturity in age-0 fish. By contrast, fastgrowing older fish are usually large enough to have a
good chance of marine survival, and further boosts in
their growth rate increase marine survival even more
and further reward smolting.
Hayes et al. (2008) report that fish in the estuary can
reach large sizes, for which the model would predict
smolting or maturing in year 0. Age-0 fish using the
estuarine habitat often grow large enough that smolting
is predicted, but some of the slowest-growing estuarine
fish could end up at sizes where maturation is predicted
rather than smolting. However, achieving this rapid
growth as an age-0 fish requires movement down into
the estuary, which may effectively commit a fish to
ocean entry if the large flows that historically breached
the sandbar also forced many fish into the ocean. A
detailed analysis of the effects of estuarine growth on
life history predictions awaits the collection of estuaryspecific mortality rates and possibly a consideration of
frequency-dependent strategies, as the growth advan-
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FIGURE 7.—Combinations of emergence date (days since
January 1) and growth rate for which age-0 females are
predicted to mature as parr if the growth in length is 17%
slower in maturing fish. See Figure 2 for additional details.

tage of the estuarine habitat may disappear if too many
fish utilize it given negative density dependence in
estuarine growth (Hayes et al. 2008).
Effects of Growth Rates: Long Term
Increases in growth rate while maintaining a 250mm maximum size achievable in freshwater increases
the likelihood that some fish mature as parr, but fish
emerging later or growing more slowly are still
predicted to smolt rather than mature, often smolting
at younger ages. Larger maximum size leads to delayed
smolting at large sizes if very high marine survival of
large smolts is allowed, but fish are predicted to mature
instream if maximal freshwater size is unlimited and
marine survival is capped at 43.3%, as suggested by the
data of Ward et al. (1989).
Effects of Freshwater Survival
With a maximum size of 250 mm and allowing very
high marine survival of large smolts, small increases in
freshwater survival (to an annual survival of 36%,
allowing 1% of fish to live past 4 years) favor delayed
smolting rather than maturing in freshwater, even
eliminating the prediction that the very fastest-growing
parr would mature. Capping smolt marine survival at
43%, as suggested by the data of Ward et al. (1989),
does not change this nor does increasing the maximal
freshwater size to 500 mm, which only leads to an
expectation of further delayed smolting. If the
asymptotic size limit is raised and the marine survival
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of large smolts is capped, a mixture of mature parr and
smolting fish is predicted, residency being predicted for
the fastest-growing age-0 fish (Figure 5) and the
slowest-growing older fish (Figure 6b). Large older
fish are also predicted to mature (Figure 6b); however,
it is unlikely any fish could reach sizes approaching
200-mm FL at age 1 or even age 2, and fish growing
well enough to reach these sizes at older ages are
typically predicted to smolt at age 1 or 2 instead
(Figure 6c).
If freshwater survival is boosted even further to 61%
annually (allowing 1% of fish to live past 8 years), fish
are predicted to always smolt at older ages and larger
sizes if there is a 250-mm size limit in freshwater and
high survival of large smolts. If one keeps a 250-mm
size limit but limits the survival of large smolts, no fish
would be predicted to smolt or mature as age-0 fish
along typical growth trajectories, but older fish are
predicted to show a mix of smolting and maturing as
residents. Given a 500-mm size limit in freshwater,
with extremely high freshwater survival fish are always
predicted to adopt the resident strategy regardless of
large smolt marine survival.
Effects of Marine Survival
As the marine survival of smolts decreases, fish are
increasingly predicted to follow a resident life history
pattern. When ocean survival is halved from its
baseline value, fish are predicted to mature as parr
along any expected growth trajectory. Obviously, if
ocean survival is reduced to zero, smolting is never
predicted and the resident strategy becomes favored
exclusively. This may explain the occurrence of
resident populations above waterfalls in the Scott
Creek watershed since any emigrant would leave no
descendants in the above-falls population.
Effects of Spawning Survival
Any reduction in the survival of spawning residents
is predicted to further favor smolting over maturing in
freshwater, and indeed, if the spawning event itself
carries a 59% mortality risk maturity in freshwater is
never predicted. The actual cost of spawning in
residents is probably lower, but this suggests that it
may be harder to evolve a resident strategy than the
baseline model predicts.
Effects of Costs of Maturing
If the energetic costs of maturing do not reduce
growth in length, the size threshold for maturity in age0 fish moves down to increasingly overlap with the
earliest-emerging, fastest-growing parr (Figure 7). In
addition, the raw data from Hayes et al. (2008; their
Figure 3) suggest that some fish are growing as fast as
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0.4 mm/d up until June, and fish growing at this rate
are predicted to mature as parr. However, we still
predict very few mature parr, since it appears that such
growth cannot be maintained for the rest of the year (or
the fast-growing fish are moving down to the estuary).
Discussion
A condition-dependent life history model, as implemented by stochastic dynamic programming, can
successfully predict most of the observed life history
patterns displayed by central coast steelhead females in
the field. The model predicts few, if any, resident
females, and it is unclear how many resident females
spawn in these streams absent input from abovewaterfall populations, although field observations
suggest there are very few. The model is largely
successful predicting the age of smolts as well,
matching Shapovalov and Taft’s (1954) observation
that most returning steelhead in Waddell Creek
emigrated after 2 or 3 years in freshwater.
The observations of small fish moving downstream
in Scott Creek (Hayes et al. 2008) and the inferred
occurrence of age-1 smolts in Waddell Creek (Shapovalov and Taft 1954) might seem surprising in light of
model predictions based on upstream growth rates.
However, it is well established that juvenile fish
utilizing the estuarine habitat can grow much more
rapidly than fish remaining upstream (Hayes et al.
2008), and such rapidly growing fish would be
expected to smolt at young ages. The model described
above can be readily modified to incorporate the
possibility of rapid growth in the estuary. Making
quantitative predictions about estuarine use, however,
requires parameterization with respect to predation risk
in the estuary, costs of movement into the estuary (and
back out for fish that do not smolt), and possibly a
consideration of density-dependent effects since the
estuary may not remain a superior growth environment
if too many fish move downstream to use it. Further,
modeling the use of the estuary may require considering bet-hedging strategies (Slatkin 1974) since the
physical quality and temporal duration of the estuary is
variable from year to year (Hayes et al. 2008). For
example, if the lagoon is inundated with seawater,
stratification and anoxic conditions can develop,
reducing prey abundance and thus growth rates.
Our model directly considers only female steelhead.
Optimal strategies are much harder to identify for male
steelhead, where the connection between size and
fecundity is less clear (Jones and Hutchings 2001) and
the mating success of small males is probably
frequency dependent (Gross 1991; Hutchings and
Myers 1994). Quantitative predictions of male behavior
would require fully parameterized functions describing

male fitness as influenced by individual size as well as
the frequency of individuals adapting all possible
strategies, and we know of no data sets suitable for this
purpose. However, all else being equal, small resident
males are at a disadvantage because of female mating
preferences and male–male conflict, but this disadvantage is reduced as smolt survival decreases. Since our
model predicts that changes in anadromy versus
residency are driven by trading off the fecundity
advantage of large size against the risk of mortality in
emigrating smolts, a reduced reward for large size
would tend to favor residency. Thus, we expect
qualitatively similar patterns in conditions that favor
anadromy versus residency, the expectation being that
smaller changes are needed to favor residency in males
(Hendry et al. 2004; Snover et al. 2006). Among
anadromous males, we would expect similar patterns in
smolt ages as displayed by females since males and
females should face a similar tradeoff in terms of ocean
survival at small size versus greater risk of freshwater
mortality if delaying smolting until a larger size is
achieved. However, the threshold sizes for smolting at
each age would probably increase as smolt survival
would need to be higher to compensate for a smaller
fecundity advantage of anadromous fish. Depending on
how these increased threshold sizes compared with size
at age for various growth trajectories, some change in
smolt ages might be expected, male smolts probably
being older and larger.
Given the broad success of the model in describing
current life histories, it is instructive to use the model to
ask about the likely effects of changes in growth rate
and survival due to changes in the riparian environment
or climate. Over the short term, only changes in growth
rate would be predicted to immediately change life
histories. Faster growth easily skews smolt ages toward
younger fish, the concurrent result being that more fish
would survive until smolting (assuming the larger fish
did not suffer increased density-dependent mortality).
Conversely, reduced growth rates (upstream or as the
result of estuary degradation) would probably lead to
older smolts, as fewer fish would survive long enough
to emigrate. These predictions are largely consistent
with observed geographic gradients in productivity and
smolt ages (streams with slower growth having older
smolts; Savvaitova et al. 2001), and with observed
responses to improved growth environments for
juveniles (Ward et al. 2008).
Faster growth might also lead to more fish adapting
a resident life history. However, much larger changes
in growth rate would be required to change the balance
between anadromy and residency than would be
required to change the balance of smolt ages, and if
freshwater growth rate increases too much, we would
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instead predict that age-0 fish would smolt rather than
mature. The very fastest growth rates only favor
maturity as a resident if the fast growth is accompanied
by a very large maximum size achievable in freshwater.
Thus, compared with the predictions of Thorpe et al.
(1998), our model focusing on ultimate fitness criteria
is more restrictive in its predictions as to when good
growing conditions would favor the evolution of
resident strategies. While it is difficult to propose a
proximate mechanism by which fish might assess their
likely asymptotic size, it does seem plausible that
natural selection will not favor fish that respond to
rapid growth (during only part of the year) by maturing
as parr if environmental conditions significantly limit
maximum sizes supportable in freshwater during other
seasons. For example, if poor food availability and
high temperatures during the summer and fall limit
maximum sizes, rapid growth during the spring alone is
not a reliable indicator of potential for large size in the
future, and fish maturing in response to rapid growth
during the spring would have poor fitness and be
unlikely to pass on this strategy.
Over evolutionary time, if marine survival remains
unchanged, the replacement of anadromy with resident
life histories would seem to require increases in the
maximal sizes achievable in freshwater and not just
increases in the maximal growth rate for small fish. For
streams with strong seasonal variation in growth rate
and a ‘‘lean period’’ supporting little to no growth, such
an increase in asymptotic size may be difficult to realize.
Although increased stream survival might seem to
improve the conditions for residents and favor resident
strategies, our models suggest that it will simply favor
older, larger smolts (at least for females) unless
accompanied by large increases in the asymptotic size
achievable in freshwater. This is because of the large
size and fecundity advantage of anadromous females,
an advantage so large that residents would need to
survive for many repeat spawnings to match it. To the
extent that stream survival is density dependent (Ward
and Slaney 1993), we might expect low densities to
correspond to higher survival and thus delayed
smolting, although this effect might be obscured if
low densities also led to more rapid growth.
A much bigger concern with respect to the loss of
anadromy would be decreased ocean survival. While it
is not clear how ocean survival would be readily
affected by most river conditions, loss or degradations
of estuaries could be a major contributor if fish are
smaller at ocean entry as a result (Thorpe 1994; Bond
et al. 2008). Alterations to stream temperatures might
also have a deleterious effect if they cue smolts to
begin migrating at inappropriate times, and flow
alterations that affect the timing of sandbar formation
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and breaching could interfere with emigration and
return as well. In addition, ocean survival of steelhead
may have declined since 1990 (Ward 2000), and if this
represents a permanent decline it may pose a threat to
the anadromous life history over the long term.
Although changes in stream temperature would need to
have very large effects on growth rates before they would
be predicted to significantly alter the balance between
anadromy and residency, other physiological effects of
temperature bear consideration as well. Increased mortality due to higher temperatures could favor smolting at
younger ages, having as a possible consequence the
production of smaller smolts with poorer marine survival.
In addition, high temperatures at crucial periods might
interfere with the smolting process per se (Adams et al.
1975; Hoar 1988; McCullough 1999).
In conclusion, our approach to modeling steelhead
life histories shows considerable promise in explaining
the existing patterns of life history variation and may
be useful in predicting responses to environmental
changes. Over the short term, we predict altered growth
rates will most likely change life history trajectories,
particularly age at smolting. Over the long term, it
appears that survival probabilities, particularly in the
marine environment, are most important in selecting
for residency versus anadromy. This modeling approach holds promise for explaining existing life
history patterns and evolutionary responses to environmental changes in other steelhead populations as well
as other facultatively anadromous species such as
Atlantic salmon (Thorpe et al. 1998), brown trout
Salmo trutta, brook trout Salvelinus fontinalis, Arctic
char S. alpinus (Rikardsen et al. 2004), masu salmon O.
masou, Dolly Varden S. malma, and cutthroat trout O.
clarkii, especially if coupled to environmentally driven
models of growth and survival.
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Appendix: Survival Estimates
We estimated freshwater survival from reports by
Burns (1971) for North Fork Caspar Creek and Allen
(1986, as reported in Bley and Moring 1988) for the
Mad River in coastal northern California; sb includes
survival from the egg stage until early October.
Because it includes an unobservable egg-to-alevin-tofry transition, we simply tuned sb retrospectively so
that the model generated average lifetime reproductive
output R0 ¼ 1 for an egg forming a newly emerged fish
that follows the optimal strategy. We estimated s0 (the
survival of age-0 fish from November 1 to December
31) as 0.519, the square root of the 4-month June–
October survival for age-0 fish reported by Burns
(1971), preferring the estimate from Caspar Creek over
that from Mad River because its geographic setting is
more similar to that of Scott Creek.
Allen (1986, as reported in Bley and Moring 1988)
reported first-winter survivals of 26–70% for Mad
River steelhead. To generate a point estimate for
monthly survival, we took the sixth root of the
geometric mean of these values, yielding a monthly

survival estimate of 0.868 for the winter. For summer
survival, we performed similar calculations on the 6–
24% first-summer survival estimates (we did not use
the second-summer estimates since they were probably
confounded low by emigration), yielding an estimated
monthly summer survival of 0.702. We treated
October–March as winter and April–September as
summer, although we used a separate estimate for the
ambiguous June–October period.
We then estimated s1 (survival from January 1 to
March 15) as 0.8682.5, or 0.701. We estimated s2
(survival from March 16 to March 31) as 0.8680.5, or
0.931. We estimated s3 (survival from April 1 to May
1) as 0.702. We estimated s4 (survival from May 1 to
November 1) as 0.702 3 0.56 for age-1þ fish, the
survival from June to October reported by Burns
(1971), for a final estimate of 0.393. We estimated s5
(survival from November 1 to December 31) as 0.8682,
or 0.753. Taken together, these estimates yield an
annual survival of 14% for age-1þ fish.

