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The maintenance of diverse life history strategies within and
among species remains a fundamental question in ecology and
evolutionary biology. By using a near-complete 16-year pedigree
of 12,579 winter-run steelhead (Oncorhynchus mykiss) from the
Hood River, Oregon, we examined the continued maintenance of
two life history traits: the number of lifetime spawning events
(semelparous vs. iteroparous) and age at first spawning (2-5 years).
We found that repeat-spawning fish had more than 2.5 times the
lifetime reproductive success of single-spawning fish. However,
first-time repeat-spawning fish had significantly lower reproductive
success than single-spawning fish of the same age, suggesting that
repeat-spawning fish forego early reproduction to devote additional
energy to continued survival. For single-spawning fish, we also found
evidence for a fitness trade-off for age at spawning: older, larger
males had higher reproductive success than younger, smaller males.
For females, in contrast, we found that 3-year-old fish had the high-
est mean lifetime reproductive success despite the observation that
4- and 5-year-old fish were both longer and heavier. This phenome-
non was explained by negative frequency-dependent selection: as 4-
and 5-year-old fish decreased in frequency on the spawning grounds,
their lifetime reproductive success became greater than that of
the 3-year-old fish. Using a combination of mathematical and
individual-based models parameterized with our empirical esti-
mates, we demonstrate that both fitness trade-offs and negative
frequency-dependent selection observed in the empirical data
can theoretically maintain the diverse life history strategies found
in this population.

Lotka-Volterra competition | evolutionary game theory | fitness |
iteroparity | salmon

N atural scientists have long observed that there is consider-
able variation in the amount and diversity of life history
strategies present within and among species (1, 2). The processes
that generate and maintain this life history variation in some
species, but not others, remains a fundamental question in ecology
and evolutionary biology (3, 4). Here we identify two mechanisms
that explain the maintenance of life history variation within a
single population: fitness trade-offs, where a fitness benefit asso-
ciated with one function (e.g., size at reproduction) is correlated
with a fitness cost of another function (e.g., survivorship) (4-6),
and negative frequency-dependent selection, where the relative
fitness of a particular life history strategy declines as the life history
strategy increases in frequency (7-10). These mechanisms create
subtle, but testable, differences in patterns of reproductive success
that can be examined in fully pedigreed populations.

Within a population, fitness trade-offs maintain life history
variation because the cost and benefits associated with each “decision”
can prevent any one strategy from reaching fixation. For example,
there are well-documented trade-offs between growth and re-
production (11), where current reproduction comes at the cost of
future growth such that two life history strategies may coexist: one
that reproduces at an early age and small size at the expense of
total reproductive output, and one that reproduces at a later age

WWww.pnas.org/cgi/doi/10,1073/pnas. 1801779115

and larger size at the expense of increased cumulative risk of
mortality (12, 13). Although trade-offs are not always sufficient for
coexistence (10, 14), if a single strategy has consistently higher
fitness with no trade-offs, then theory predicts that the single,
optimal strategy should quickly reach fixation (15). Fitness trade-
offs can be identified in fully pedigreed populations in which one
can measure the sum of the costs and benefits of each strategy in
terms of lifetime relative reproductive success (RRS) (16, 17).
Negative frequency-dependent selection, however, does not
require a trade-off between any two characters to facilitate
coexistence. Instead, the fitness of a phenotype (here a life history
strategy) depends on its frequency relative to other phenotypes in a
population, such that each phenotype has the highest fitness (relative
to others) when it is the rarest. A classic example of negative
frequency-dependent selection occurs in nectarless (nonreward-
giving) orchids, where the fitness of each color polymorphism
declines with increased frequency as a result of pollinators associ-
ating flower color with a lack of reward (18). To our knowledge,
there are few empirical studies that have demonstrated the main-
tenance of behaviorally mediated life history strategies as a function
of negative frequency-dependent selection, but the basic mech-
anism remains the same (19). As the frequency of a life history
strategy increases, lifetime reproductive success decreases rela-
tive to the other life history strategies, thus preventing any one strategy
from reaching fixation. This mechanism is testable in populations
that have been pedigreed and phenotyped for multiple generations
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and in which the relationship between the frequency of a life his-
tory strategy and RRS can be measured over multiple years.

Steelhead trout (Oncorhynchus mykiss), a Pacific salmonid
species, exhibits an extraordinary amount of life history variation
both within and among populations. In fact, two alternative life
history variants (the ocean-going, anadromous steelhead and the
stream-residing resident rainbow trout) are so phenotypically
divergent that they were once classified as separate species (20),
although it is now well established that these life history variants
routinely interbreed with one another (21, 22). There is also ex-
tensive variation within just the ocean-going, anadromous steel-
head. Some steelhead are semelparous: they spawn once and die
(23). Semelparous steelhead may return to spawn at different
ages (2-5 y old), spending various amounts of time in freshwater
or marine habitats (24). Other steelhead, known as repeat
spawners, or kelts, spawn two and sometimes three times in
their lifetime, returning to the ocean between each spawning
event (23, 25). Furthermore, some steelhead mature in the ocean
before returning to rivers to spawn (e.g., winter-run steelhead),
whereas others return early and overwinter in freshwater before
spawning (e.g., summer-run steelhead) (26, 27) and, in some
populations, immature steelhead return to their natal rivers
after spending only 4 mo in the ocean (“half pounders”) (28).
Identifying how populations of this species maintain such an
incredible diversity of often-interbreeding life history strategies can
illuminate how phenotypic, life history, and species diversity are
maintained across taxa.

To examine the maintenance of this diversity, we focused on
two life history strategies: number of spawning events and, for

single-spawning fish, age of reproduction. For winter-run steel-
head from the Hood River, Oregon, we examined 12,579 fish from
16 run-years and used a combination of multilocus genotypes,
scale aging, and phenotypic measurements to identify repeat
spawners, reconstruct pedigrees to estimate lifetime reproductive
success, and determine size and age at spawning. We have near-
complete samples of returning adult fish because all steelhead en
route to their spawning grounds in the Hood River were physically
transported over the Powerdale dam, which would otherwise be
an impassable barrier to migrating adult fishes (SI Appendix, SI
Text). Hood River winter-run steelhead have many interbreeding
life-history variants including resident rainbow trout (21), semel-
parous steelhead that spawn between 2 and 5 y of age, and repeat
spawners (Fig. 1). We identified repeat spawning fish as geneti-
cally identical adults that were present on the spawning grounds in
the Hood River in at least two distinct run-years. The Hood River
also has a hatchery supplementation program (29), and we could
identify hatchery fish based on the presence or absence of year-
specific fin clips (Fig. 1). We used parentage analysis to compare
the lifetime reproductive success of repeat spawners with that of
single spawners and to determine the lifetime reproductive success
of single spawners that returned to spawn at different ages. We
performed separate analyses for each year of spawning (run-year)
and for males and females.

Results

We identified a total of 299 repeat spawners, with 98% in-
creasing in length and 95% increasing in weight between their
first and second spawning attempts (Fig. 2 A and B). A ratio of
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Fig. 1. Ages at time of last spawning for the various life history strategies found within winter-run Hood River O. mykiss. (A-C) Resident fish data are from
ref. 21 and are included here for a more complete description of the life history variation in this population. Residents are iteroparous, and most are wild-
origin in the Hood River. Here, we could only infer the ages of spawning for resident fish born to hatchery parents. Male resident fish can begin successfully
spawning as early as 1y of age, whereas female residents do not successfully spawn until they are at least 4 y old. (D-/) Hatchery-origin fish have accelerated
growth rates in fresh water in comparison with wild-origin fish, and so return to spawn a year earlier, on average. Furthermore, a greater proportion of
hatchery-origin individuals occupy fewer spawning age classes in comparison with wild-origin fish, which return to spawn between ages 2y and 5 y. (J-L)
Repeat spawners appear on the spawning grounds with the same relative age distribution as single spawners, and most return to spawn the following year. A
small proportion of repeat spawners skipped a year between spawning events, and although most repeat spawners only spawned twice, 6% of repeat
spawning female adults successfully migrated between the river and ocean three times.
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8:1 female:male repeat spawners was identified, which deviated
substantially from equality (randomization test: P < 0.001; SI
Appendix, Fig. S1) and is typical of steelhead populations, in
which males are more likely to adopt the freshwater-resident life
history strategy than females (30). There were more wild-origin
repeat spawners than hatchery-origin repeat spawners, both as a
proportion and in absolute numbers, despite hatchery and wild fish
occurring in equal numbers on the spawning grounds (P < 0.01; ST
Appendix, Fig. S1 and SI Text). This result suggests that something
about the faster maturation (Fig. 1) or lower reproductive success
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Fig. 2. The vast majority of repeat spawners were longer and heavier the
second time they spawned (A and B). There were no differences in length
between hatchery repeat spawners (orange points) and wild repeat
spawners (purple points). The average lifetime reproductive success for all
wild repeat spawners relative to all single spawners of the same sex was
2.59 for females and 2.48 for males (C). Error bars illustrate 95% Cls.
Hatchery repeat spawners had lower point estimates of RRS, but their
smaller sample sizes resulted in much wider confidence intervals (not shown
for hatchery males, which exceeded the y-axis scale). Females also had lower
reproductive success relative to single spawners of the same age the first
time they spawned (i.e., run 1), but higher RRS the second and third times
they spawned (i.e., runs 2, 3) (D). Using a matrix game, we illustrate regions
in fecundity-mortality space, where each strategy is the ESS (E). The
semelparous strategy is shaded blue, and the iteroparous strategy is shaded
purple. The region of overlap (shaded green) is the region of coexistence.
The red shading demarcates where mortality exceeds fecundity, and
below that line, all strategies go extinct. From the solutions in E, we can
pick any point (mortality, fecundity) inside the region of coexistence and
determine the fitness landscape (F). When coexistence is possible, we can
plot the fitness landscape and the equilibrium frequency of each strategy
(green circle).
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of hatchery fish lowers their likelihood of becoming a successful
repeat spawner. In comparison with wild-origin, single-spawning
fish of the same sex, wild-origin repeat-spawning females had
2.59 times greater lifetime reproductive success (Fig. 2C; 95% CI,
2.25-2.94), and wild-origin repeat-spawning males had 2.48 times
greater lifetime reproductive success (95% CI, 2.07-2.91). Hatchery-
origin repeat-spawning females had 1.55 times the lifetime re-
productive success of wild-origin, single-spawning females (95%
CI, 0.83-2.27), whereas hatchery-origin repeat-spawning males
had only 0.81 times the lifetime reproductive success of wild-origin,
single-spawning males, although the sample size for hatchery-origin
repeat spawning males was too small to construct informative
confidence intervals (n = 5).

We next examined whether there was a trade-off associated
with repeat spawning, where first-time repeat spawners had lower
RRS compared with single spawners of the same age, but higher
RRS on their second attempts. For females, we made compari-
sons relative to age 3 single spawners both because the vast ma-
jority of single spawners were 3 y old when they first spawned and
because 3-y-old single-spawning females had the highest fitness
(Fig. 2D). For males, we made comparisons to both 3-y-old single
spawners (the most numerically dominant age class) and 5-y-old
single spawners (the age class with highest mean fitness; results
were qualitatively similar; cf. SI Appendix, Figs. S2D and S3).
Female repeat spawners were smaller in length and mass than
single-spawning fish of all ages the first time they spawned (¢ tests:
P < 0.0001 and P < 0.0001, respectively), and were larger in length
and mass than single spawning fish the second time they spawned
(¢ tests: P < 0.0001, P < 0.0001, respectively; SI Appendix, Fig. S2).
However, although 4-y-old repeat-spawning females, the domi-
nant age class (Fig. 1L), were not significantly shorter in length
than 4-y-old single-spawning females (P < 0.128), they did weigh
significantly less than 4-y-old single-spawning fish (3.1 vs. 3.9 kg;
P < 0.001), suggesting a substantial energetic cost associated with
migrating versus remaining at sea. Male repeat spawners were
smaller in length and mass than single-spawning fish the first time
they spawned (¢ tests: P < 0.0005 and P < 0.0001, respectively),
but were not detectably larger in length or weight than single-
spawning fish the second time they spawned (P < 0.7, P < 0.9,
respectively; SI Appendix, Fig. S2). Both female and male repeat
spawners had lower reproductive success than the single spawners
the first time they spawned (randomization tests: P < 0.019 and
P < 0.033, respectively), but higher reproductive success than
single spawners the second time they spawned (randomization
tests: P < 0.024 and P < 0.01, respectively; Fig. 2D and SI Ap-
pendix, Figs. S2 and S3). A small number (n = 17; 6%) of iteroparous
females were present on the spawning grounds in three distinct
run-years, and these individuals continued to have higher reproductive
success than single spawners the third time they spawned (P < 0.1);
no male fish were identified to have spawned more than twice.

To test whether the discrete strategies of semelparity and
iteroparity would be theoretically expected to coexist, we de-
veloped a two by two matrix game (S Appendix, Table S1) (31),
parameterized with our empirical estimates of RRS for repeat
spawners (i.e., Fig. 2C). The matrix game assumes only that
population growth changes according to births minus deaths, and
that single-strategy and mixed-strategy populations differ in fe-
cundity and mortality according to a scaling factor. Importantly,
the model can be solved without specific knowledge of these
scaling factors or of mortality rates. The model results demon-
strate that coexistence of the two life history strategies is theo-
retically possible for a substantial portion of the parameter space
(Fig. 2E). These analyses also further demonstrate two important
points: repeat spawners are unlikely to become the single dominant
life history strategy, despite having more than twice the reproduc-
tive success of single spawners (the model suggests that this is be-
cause of the nontrivial rates of ocean mortality), and fitness trade-
offs between fecundity and mortality can lead to the coexistence of
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Fig. 3. For single-spawning females (A) and males (D), older fish that
spawned later in life were larger than younger fish. Of all of the ages at
which steelhead return to spawn, 3-y-old females had the highest RRS (B).
This observation is explained by a combination of fitness trade-offs for 2- vs.
3-y-olds and negative frequency-dependent selection for 4- and 5-y-olds vs.
3-y-olds (C). Each point represents a single run-year, the frequency of that
particular age group at spawning, and its lifetime reproductive success rel-
ative to 3-y-old females. For males, in contrast, older, larger individuals had
greater lifetime reproductive success across all age classes found on the
spawning grounds (E), and there was no relationship between frequency of
age class and its fitness (F).

both life-histories because there is a fitness equalizing effect in
which both strategies are able to attain similar fitness (32), and that
this point is a stable attractor that promotes coexistence (green
circle, Fig. 2F).

We next examined which mechanism for the maintenance of
life history variation could explain why semelparous fish spend
different amounts of time in the ocean, a life history trait that has
been shown to have high heritability in Chinook salmon (33). For
both females and males, we found that each subsequent age class
is both longer and heavier than the next (Fig. 3 4 and D;
ANOVA, Tukey’s honest significant difference, all P < 0.001). For
females, there is a clear payoff for spending an extra year at sea
and spawning at age 3 y rather than at age 2y (Fig. 3B; P < 0.001).
However, we were surprised to find that 3-y-old fish had the
highest reproductive success of any age class (Fig. 3B) because 4-
and 5-y-old fish are both longer and heavier and have been ex-
posed to considerably increased risk for mortality by staying out at
sea for a longer time (34). These differences in RRS can be
explained by negative frequency-dependent selection, in which age
4 females have reduced lifetime reproductive success relative to
3-y-old females, as 4-y-old fish increase in frequency on the
spawning grounds [linear model (Im): slope = —2.24; P < 0.0009;
R? = 0.61; Fig. 3C]. Conversely, age 4 females have higher life-
time reproductive success relative to 3-y-old females when 4-y-
old fish are at low frequency within the spawning population.
We found the same general pattern for 5-y-old females relative
to 3-y-old females (Im: slope = —8.56; P < 0.022; R* = 0.33; Fig.
3C). We found no evidence of negative frequency-dependent
selection in males, but strong support for the well-established
pattern that older fish are both larger and fitter than younger
fish when they spawn (Fig. 3 D-F; age 2 vs. age 5: P < 0.001; age
3 vs. age 5: P < 0.001; age 4 vs. age 5: P < 0.0172). Given that
the probability of survival at sea is low each year (35-37), we
assume that male Hood River steelhead are exhibiting the
expected trade-off between age (size) at reproduction and
probability of survival to that age (5).

To test whether the observed variation in the continuous
strategy of age at reproduction could be theoretically maintained

4444 ' | www.pnas.org/cgi/doi/10.1073/pnas. 1801779115

by negative frequency dependence (NFD), we examined two
complimentary models: first, we adapted a well-known, preexisting
evolutionary game theoretic model that incorporates continuous
ecological and evolutionary dynamics (38-40) and has been ex-
tensively analyzed previously, and second, we developed an indi-
vidual-based model in which the fitness of each individual depends
on its age at spawning and its relative frequency within the population
in accordance with the fitness values and slopes illustrating NFD (i.e.,
Fig. 3 B and C). When using our empirical estimates of female fitness
(i.e., Fig. 3B), but assuming no NFD, both models independently
illustrate that the age 3 spawners represent the evolutionarily stable
strategy (ESS) and quickly reach fixation (Fig. 4 A-C). However,
when NFD is introduced, four age-at-spawning life histories evolve
in the mathematical model (Fig. 4D), are found to coexist in both
the mathematical and individual-based modeling approaches (Fig. 4
E and F), and were also found to occur at similar relative frequencies
as observed in the Hood River population (Fig. 4F). These combined
empirical and model-based results demonstrate that NFD is a
reasonable explanation for the continued maintenance of life history
variation in this population.

Discussion

We found evidence that both fitness trade-offs and negative fre-
quency-dependent selection maintain life history variation within
a single population. Repeat spawners have more than twice the
lifetime reproductive success as single-spawning fish, indicating a
substantial benefit associated with this life history strategy. How-
ever, this life history strategy has not become fixed in the pop-
ulation as a result of expected trade-offs between mortality and
reproduction. Our matrix game, which was parameterized with
our empirical estimates of RRS, clearly illustrated that low rates
of mortality are theoretically required for a fully iteroparous
population to evolve (Fig. 2E). However, additional migrations
likely result in high rates of mortality, given that only 2.4% (299/
12,579) of fish were identified as repeat spawners. Although we do
not know the exact percentage of adult steelhead that attempt to

A B C
© 4 e
° Py
€w | 3] 2
EA a ¥ ge 1o Age 2
a 1] &9 ol Age 3
23 £ . 2° ol Age 4
© [ o< | bl Age 5
® ] Fos
ow 4 kS
< o~
< S
e | i o e ]
- T T T T T T T T T T T o % T T T
0 20 40 60 80 100 26 28 30 32 34 0 500 1500 2500
D Generation E Age at spawning F Year
0 4 o
> <
£ ] ©
S~ @ %5 ]
] 8 co
Q < 2o
@ o s 3
% ooz g
S ¥ =
< 3
-4 % o
T T T T T T T TN T T T T o T T T
0 2000 6000 10000 1 2 3 4 5 0 500 1500 2500
Generation Age at spawning Year

Fig. 4. Using a continuous game theory model and our empirical estimates
of female RRS, we demonstrate that only a single life history variant (age
3 spawners) can evolve (A), and that only a single ESS exists (age 3 spawn-
ers) when the resource niche is narrower than the competitive niche (B).
(The mathematical meaning of resource and competitive niche width are
defined in the S/ Appendix and shown graphically in S/ Appendix, Fig. S9.)
An individual-based model independently illustrates that only age
3 spawners can exist if there is no negative frequency dependent selection,
even if all four life history strategies are initially present within the pop-
ulation (C). When we widen the resource niche, four life history variants
evolve in the game theory model (D), resulting in four ESSs coexisting
because NFD, as illustrated on a fitness landscape (E). The individual-based
model also independently illustrates that coexistence of the four different
age-at-spawning strategies occurs when parameterized with our estimates
of NFD (F).
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become repeat spawners in the Hood River, anecdotal evidence
from the capture of out-migrating fish suggests the proportion is
high; an observation that is consistent with data on steelhead from
neighboring populations (25) and suggests that rates of migration-
associated mortality are nontrivial. The high proportion of out-
migrating adults also suggests that although there may be low
variation in the proportion of fish that attempt to repeat spawn
(perhaps allowing for a fitness boon during years of good ocean
conditions), there is likely high variation in the investment toward
their first spawning effort, and we suspect that this is the trait
under selection (41). To decrease rates of migration-associated
mortality, it is clear that the repeat spawners are employing a
different strategy in their first spawning run to increase their
chances of survival during an additional, perilous journey back out
to sea (Fig. 2D). Why first-time repeat spawners have lower re-
productive success remains unknown, but they may be slightly
smaller on average (certainly the case for males; SI Appendix, Fig.
S2), or they may hold back during spawning in response to envi-
ronmental cues (e.g., ocean conditions, adult spawner density). It
is of considerable interest that the six additional, and more recently
derived, Pacific salmon species are all semelparous (i.e., there are
no repeat spawners). How this life history variation was lost is
unknown, but one possibility suggested by our model is increased
rates of migration-associated mortality.

We also found clear evidence of trade-offs with respect to the
ages at which semelparous fish return to spawn. For males, older
and larger individuals have greater lifetime reproductive success
across all age classes. This pattern is suggestive of sexual selec-
tion by male-male competition, which has been well documented
in other salmonids (42, 43). We also find a similar trade-off
between 2- and 3-y-old females, in which 2-y-old fish have lower
lifetime reproductive success than 3-y-old fish, but higher survi-
vorship. The larger, older 3-y-old fish can produce greater
numbers of bigger eggs than 2-y-old fish (44), and may be more
attractive to males, both of which likely increases their fitness.
Surprisingly, this pattern did not continue with 4- and 5-y-old
females. Instead, 4-y-old females had lower lifetime reproductive
success, on average, compared with 3-y-old females, and 5-y-old
females had lower lifetime reproductive success, on average,
than both 3- and 4-y-old females. Although this was the average
pattern across years, there were several years in which both 4-
and 5-y-old fish had higher reproductive success than 3-y-old fish
(Fig. 3C). Furthermore, there was strong negative frequency-
dependent selection; the years in which the 4 and 5-y-old fish had
the highest relative lifetime reproductive success were also the
years in which they were less common than the other age classes.

Because observational data are challenging to collect on the
Hood River spawning grounds, we can only speculate as to how
this negative frequency-dependent selection operates. One pos-
sibility is that larger, older fish target, and potentially compete
for, limited higher-quality spawning habitat to build their redds
(43). For example, larger fish are better able to ascend high gradients
and to access habitat closer to the headwaters than smaller fish. If
there are few large, old females, then most of them can mate in the
high-quality habitat and have high average reproductive success.
However, if there are many large, old females competing for limited
spawning habitat, then many of them may have to spawn in habitat
that is more suitable for 3-y-old fish, but less suitable for older
fish [e.g., perhaps they dig redds that are too shallow or too deep
(45)], driving down the mean reproductive success of the entire
age class. Another possibility is that predators, such as river otters,
fixate on certain sizes (and thus age classes) as those sizes increase
in frequency (43, 46, 47). We did not include predation in our
models, although game theoretic models of NFD via predation
also exist (48). Regardless of the mechanism, this pattern suggests
that negative frequency-dependent selection can maintain diverse
life-history strategies in this population, and our models support
this interpretation.
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Negative frequency-dependent selection is a form of balancing
selection that can easily maintain genetic variation within pop-
ulations, perhaps partially explaining how this species is able to
rapidly adapt to novel environments (49, 50). Negative fre-
quency-dependent processes can maintain phenotypic diversity,
life history strategies, and species diversity, and our models show
how it could theoretically drive our observed data. From a
pragmatic viewpoint, understanding how life history variation is
maintained both empirically and theoretically can lead to more
effective conservation measures. For example, restricting the
harvest of older, larger females in years that they are rare may
facilitate negative frequency-dependent processes, and allowing
these mechanisms to naturally maintain genetic and phenotypic
diversity may help reverse declining populations. Here we show
that fitness trade-offs and negative frequency-dependent selec-
tion can maintain life history variation; how these processes interact
across genomes, sexes, and life-history variants remains an exciting
avenue for continued exploration in ecology and evolution.

Methods

Identification of Repeat Spawners. To identify repeat-spawning fish, we first
examined the scale reading data collected by Oregon Department of Fish and
Wildlife (ODFW) on all fish. When steelhead spawn in freshwater, a distinct
mark known as a “spawning check” is laid down in a scale (51), such that
repeat spawners can be identified if growth continues past this mark. For
example, if a steelhead spawned after spending 2 y in the ocean, and then
returned 1y later to spawn again, it would be designated as a “2S.3,” where
the S indicates the spawning check. Because all fish were also genotyped at a
minimum of eight highly polymorphic microsatellite loci (29, 52), we used
these joint data to confirm the identification of repeat spawners. A per-
mutation procedure illustrated that two randomly selected individuals were
unlikely to share both alleles at more than 3 loci (SI Appendix, Fig. S4).
Details on this study system, laboratory methods, and the identification of
repeat spawners are found in S/ Appendix, SI Text.

RRS. We calculated the lifetime reproductive success (adult to adult) for all
repeat spawning fish and all single-spawning fish. We performed all analyses
by run-year, and for each run-year, we included all wild adults as parents. We
further added any hatchery fish identified as repeat spawners to the set of
candidate parents. We next identified all candidate offspring as wild indi-
viduals assigned to appropriate brood-year. The hatchery-born adults
spawned in the wild, such that all their offspring were also wild-born indi-
viduals. We performed parentage analysis using a Bayesian approach (53-55)
(see S/ Appendix, Sl Text for details).

We next calculated the reproductive success of repeat-spawning fish relative
to single-spawning fish for males and females and hatchery and wild repeat
spawners separately. Because the repeat spawners were present in a minimum
of two run-years, and because average fitness can vary substantially among
run-years, it is important to consider the appropriate reference for repeat-
spawning fish. We accounted for this variation in two ways. First, we simply
compared the average fitness of repeat spawners to the fitness of single
spawning fish in the first year in which repeat spawners reproduced (Fig. 2).
Second, we calculated a weighted, average fitness for single-spawning fish,
where we weighted the mean fitness values of single-spawning fish by the
proportion of repeat spawners present in each year (SI Appendix, Fig. S5).
Regardless of the approach used to calculate the average fitness of the single
spawners, RRS was calculated by dividing the mean reproductive success of
the repeat-spawning fish by the mean reproductive success of the single-
spawning fish. We constructed 95% confidence intervals using the SE across
all 13 estimates. We also calculated RRS for different ages at spawning among
wild, semelparous fish (no hatchery fish or repeat spawners were included in
these analyses). Within each run-year, we compared the mean lifetime repro-
ductive success of one age class with the age class that had the highest mean
fitness over all run-years (females, age 3 y; males, age 5 y).

Trade-Offs, Negative Frequency Dependence, and Theoretical Models. We
tested for significant differences in RRS in three categories: first-time repeat
spawners vs. single spawners of the same age (Fig. 2D), second-time (and
third-time) repeat spawners vs. single spawners in that same year (Fig. 2D),
and different age classes for single spawners (Fig. 3) using randomization tests
in which we pulled randomly without replacement from the assignments
offspring to parents, by the total number of parents found in each of the two
groups, and calculated the number of times (out of 1,000 iterations) that the
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randomized estimate of RRS was as, or more, extreme than the observed
value (56). Outcomes for repeat spawners are presented in Results. For fe-
males, we found that 2- and 5-y-olds have lower RRS than 3-y-olds (P <
0.001 and P < 0.001, respectively), but the pattern was not significant for 3- vs.
4-y-olds (P < 0.22). To test for NFD, we calculated the frequency of each age
class in each run-year and plotted it against the RRS of that age class relative
to the age class with highest fitness. We fit a linear model in R, using the Im
function. Log transformations had a minimal effect on the model results, and
are thus not reported. Possible environmental correlates (e.g., ocean condi-
tions, frequency of males) could not explain the observed patterns of NFD (S/
Appendix, Fig. S6), nor could decreases in the relative abundance of age
classes through time (S/ Appendix, Fig. S7) or the total number of spawning
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