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Introduction 

Oncorhynchus mykiss exhibits the most diverse life-history patterns among 
California’s native salmonids (Williams 2006). Unlike Chinook salmon 
(Oncorhynchus tshawytscha), O. mykiss can complete their life cycle in freshwater 
creating two distinct life-history variants including an anadromous form (i.e., 
steelhead) and freshwater residents (i.e., Rainbow trout). Between the anadromous 
and resident life-history variants there exists a considerable array of diverse 
pathways through which O. mykiss can complete their life cycle. Past research has 
documented over 35 unique steelhead life-history variants in watersheds across 
the west coast of North America (Thorpe 2007, Moore et al. 2014, Hodge et al. 
2016). In most cases, discrete life-history variants are characterized by differences 
in the years spent rearing in freshwater and saltwater and age of maturation and 
spawning (Figure 1). As such, the number of possible life-history pathway 
permutations tends to increase with the average lifespan of fish in the population, 
where additional permutations can emerge from protracted freshwater or ocean 
residence (Moore et al. 2014), repeat spawning incidence (Hodge et al. 2016), and 
habitat specific rearing phases (e.g., estuarine; Hayes et al. 2011). 



Figure 1. Conceptual illustration of 14 alternative O. mykiss life-history pathways 
that differ by years spent rearing in freshwater (F) or the ocean (O) prior to 
maturation and spawning (S). Note this illustration does not include life-history 
permutations resulting from repeat spawning, discrete habitat rearing phases, 
and/or fish that live beyond five years. 



A considerable body of research on O. mykiss life history variation has been 
completed since Shapovalov and Taft’s seminal work in 1954. Kendall et al. (2015) 
published one of the more recent and comprehensive reviews of research on the 
topic of anadromy and residency in steelhead and rainbow trout. Reproducing a 
review comparable to Kendall et al. (2015) is beyond the scope of this document, 
thus here we sought to provide a summary of key concepts and conclusions 
discussed in Kendall et al. (2015) relevant to the California Central Valley. We 
encourage readers to see Kendall et al. (2015) for a more thorough and in-depth 
discussion of O. mykiss life-history expression. 

Patterns and Processes of O. mykiss Life-History Expression 

The creation and maintenance of a distinct life-history pathway comes from 
complex interactions between the genetic makeup and internal condition of 
individual fish, and the external environment (Kendall et al. 2015). These 
interactions create variability in a fish’s state during key developmental phases 
(Thorpe et al. 1998, Satterthwaite et al. 2009, 2010, Beakes et al. 2010) that impact 
its life-history trajectory (i.e., anadromy or residency, Figure 2). As a result, 
genetically dissimilar fish in the same environment, or genetically similar fish in 
different environments, may all end up on different life-history trajectories. 

Disparate life-history pathways have tradeoffs in potential costs and benefits for 
individual fish and their expected life-time fitness (e.g., Satterthwaite et al. 2009, 
2010). In general, the costs of freshwater residency for females include smaller size 
at maturation leading to lower fecundity, smaller egg size, smaller suitable 
spawning gravel sizes and shallower redds that may be more susceptible to scour. 
In males these costs are associated with decreased competitive advantage and 
female choice compared to their anadromous counterparts (Kendall et al. 2015), 
which can lead to fewer mating opportunities and spawning with smaller females in 
a given year. The benefits conferred through the resident life-history pathway 
include reduced mortality risks during migration and at sea and increased chance 
of iteroparity for both sexes. The costs of anadromy include increased mortality 
risks during migration and at sea, older age at maturation and decreased chance of 
iteroparity for both sexes. Whereas the benefits of anadromy include accelerated 
growth and large body size attained at sea, which leads to increased fecundity and 
egg size, wider range of suitable spawning gravels for females, and enhanced 
competitive advantage for mate selection relative to their resident counterparts for 
males. 

https://cdnsciencepub.com/doi/pdf/10.1139/cjfas-2014-0192


Figure 2. Pathway diagram illustrating how genetic makeup and the environment 
interact to alter fish condition and subsequent life-stage transitions such as 
maturation in freshwater or migration to sea. 

The patterns of aquatic productivity and the physical challenges associated with 
migration (e.g., environmental gradient, flow, temperature, predation risk) form an 
adaptive landscape on which anadromy evolves and environmental conditions 
provide proximate cues for whether it is expressed. In partially anadromous 
species, like O. mykiss, the expression of anadromy is in part influenced by the cost 
of migration. Specifically, when migration distance, elevation gained, or risk of 
mortality is high during migration, the anadromous contingents within a species is 
expected to become less common (Hendry et al., 2004, McMillan et al., 2007). Even 
where latitude or migratory difficulty are approximately equal, differences in 
habitat characteristics and growing conditions of adjacent watersheds can generate 
divergent rates of anadromy (Pavlov et al. 2011, Finstad and Hein 2012, Berejikian 
et al. 2013, Kendall et al. 2015). This adaptive landscape has driven the local 



adaptation of many different anadromous life-history strategies (e.g., Quinn 2005). 
Heritable differences in traits associated with migration (e.g. size-at-migration, age-
at-migration, timing of migration, morphology of migrants) have been documented 
for many populations (Carlson and Seamons 2008), including heritability of 
migration (e.g. steelhead populations in Alaska, h2 = 0.73 (Thrower et al. 2004) and 
California, h2 = 0.91 (Phillis et al. 2016). 

Environmental conditions also influence the expression of anadromy in partially 
anadromous populations. Food availability, water temperature, and stream flow 
have been associated with patterns of anadromy in O. mykiss. For example, low 
and variable summer stream flows produce warmer temperatures and greater 
competition for food as suitable habitat contracts. As the conditions become 
growth-limiting due to density-dependent competition or increasing metabolic 
demands of the individual anadromy becomes more common (Pearsons et al., 
2008, Courter et al., 2009, Berejikian et al., 2013). Body size or growth rate is often 
considered a proxy for growth conditions, but whether anadromy is expressed will 
depend on the context. Faster growth has been associated with anadromy in field 
and lab experiments, however, cooler temperatures and lower individual metabolic 
rates produce higher rates of freshwater maturation for equivalent somatic growth, 
particularly in females (McMillan et al., 2012, Sloat and Reeves 2014). 

In reality, the propensity of individuals to adopt the steelhead phenotype is the 
product of interactions between genetic and environmental controls (Figure 3). 
Further, recent research has shown some gene complexes associated with 
anadromy (e.g., Omy5) indirectly impact life-history expression through mediation 
of early somatic growth rates (Kelson et al. 2020). The indirect genetic control on 
migration in O. mykiss can be described as a reaction norm wherein expression of 
the migratory tactic is dependent on an individual’s status (the integration of the 
environment experienced) relative to a genetically-controlled threshold state 
(Tomkins and Hazel 2007, Hutchings 2011, Pulido 2011, Dodson et al. 2013). Growth 
rate and body-size thresholds above which emigration takes place have been 
described theoretically (Thorpe et al. 1998, Rikardsen et al. 2004, Mangel and 
Satterthwaite 2008) and documented empirically for several salmonid species, 
including steelhead (Thrower et al. 2004, Satterthwaite et al. 2010, Beakes et al. 
2010, Phillis et al. 2016). The outcome of these genotype-environment interactions 
will vary within populations (e.g. males vs. females) and between populations 



according to the costs and benefits of seaward migration versus freshwater 
residency for any given system. 

Knowledge Gaps and Next Steps 

Although we have learned much about the patterns and processes that drive life-
history variation in O. mykiss there is still a lot we don’t fully understand. This is 
especially true in the California Central Valley where research and monitoring of O. 
mykiss has been spatiotemporally inconsistent in past decades and often ancillary 
to other species on which monitoring programs are focused (Eilers 2010). Thus, 
resolving uncertainty will be critical for developing a juvenile production estimate 
and other useful management metrics for the anadromous contingent of Central 
Valley O. mykiss populations. Uncertainties and knowledge gaps include but are not 
limited to three broad categories: 1) importance of non-natal habitats in supporting 
divergent life-history types (e.g., intermittent streams and the Bay-Delta), 2) O. 
mykiss genetics (e.g., Omy5) as a tool for management and predicting anadromy 
(e.g., Kelson et al. 2019), and 3) the effects of water management, salmon 
management, and climate change on the environmental and genetic controls of 
steelhead life-history diversity. By coordinating and focusing future research and 
monitoring on management-relevant questions within the categories listed above 
we will accelerate our learning and improve management of California Central 
Valley O. mykiss. 



Figure 3. The environmental threshold model of partial anadromy. Partial 
anadromy as a threshold trait (adapted from Hazel et al. 1990). (a) The decision to 
migrate is determined by an individual’s state (here inferred from body size) relative 
to a threshold switch point (vertical lines). (b) Genotypes for the threshold vary 
continuously within a population following some distribution (g1; here depicted as a 
normal distribution). Individuals will migrate if their threshold size is less than their 
body size. Body size varies with the environment (dashed vertical lines); therefore, 
the number of individuals that migrate in environment 1 (e1) is a subset of those 
individuals that migrate in environment 2 (e2). (c) A second population with a more 



costly seaward migration or more favorable freshwater conditions selects for 
individuals with larger threshold sizes (g2; blue lines in (a)) resulting in fewer 
migrants in each environment. (d) The number of migrants in a population takes on 
a cumulative frequency distribution. 

References 
Beakes, M.P., Satterthwaite, W.H., Collins, E.M., Swank, D.R., Merz, J.E., Titus, R.G., 
Sogard, S.M. and Mangel, M., 2010. Smolt transformation in two California 
steelhead populations: effects of temporal variability in growth. Transactions of the 
American Fisheries Society, 139(5), pp.1263-1275. 

Berejikian, B.A., Campbell, L.A. and Moore, M.E., 2013. Large-scale freshwater 
habitat features influence the degree of anadromy in eight Hood Canal 
Oncorhynchus mykiss populations. Canadian Journal of Fisheries and Aquatic 
Sciences, 70(5), pp.756-765. 

Carlson, S.M. and Seamons, T.R., 2008. A review of quantitative genetic components 
of fitness in salmonids: implications for adaptation to future change. Evolutionary 
Applications, 1(2), pp.222-238. 

Courter, I., Justice, C., and Cramer, S. 2009. Flow and temperature effects on life 
history diversity of Oncorhynchus mykiss in the Yakima River basin. Cramer Fish 
Sciences, Gresham, Ore. 

Dodson, J.J., Aubin‐Horth, N., Thériault, V. and Páez, D.J., 2013. The evolutionary 
ecology of alternative migratory tactics in salmonid fishes. Biological Reviews, 88(3), 
pp.602-625. 

Eilers, C.D. 2010. Review of present steelhead monitoring programs in the California 
Central Valley May 2008. Fisheries Branch Administrative Report Number: 2010-1 

Finstad, A.G. and Hein, C.L., 2012. Migrate or stay: terrestrial primary productivity 
and climate drive anadromy in Arctic char. Global Change Biology, 18(8), pp.2487-
2497. 

Hayes, S.A., Bond, M.H., Hanson, C.V., Jones, A.W., Ammann, A.J., Harding, J.A., 
Collins, A.L., Perez, J. and MacFarlane, R.B., 2011. Down, up, down and “smolting” 
twice? Seasonal movement patterns by juvenile steelhead (Oncorhynchus mykiss) 
in a coastal watershed with a bar closing estuary. Canadian Journal of Fisheries and 
Aquatic Sciences, 68(8), pp.1341-1350. 



Hazel, W.N., Smock, R., and Johnson, M.D. 1990. A polygenic model for the evolution 
and maintenance of conditional strategies. Proc. R. Soc. B Biol. Sci. 242: 181–187. 
doi:10.1098/rspb.1990.0122. 

Hendry, A.P., Bohlin, T., Jonsson, B., and Berg, O.K. 2004. To sea or not to sea? 
Anadromy versus non-anadromy in salmonids. In Evolution illuminated: salmon 
and their relatives. Edited by A.P. Hendry and S.C. Stearns. Oxford University Press, 
Oxford. pp. 92–125. 

Hodge, B.W., Wilzbach, M.A., Duffy, W.G., Quiñones, R.M. and Hobbs, J.A., 2016. Life 
history diversity in Klamath River steelhead. Transactions of the American Fisheries 
Society, 145(2), pp.227-238. 

Hutchings, J.A., 2011. Old wine in new bottles: reaction norms in salmonid fishes. 
Heredity, 106(3), pp.421-437. 

Kelson, S.J., Miller, M.R., Thompson, T.Q., O’Rourke, S.M. and Carlson, S.M., 2019. Do 
genomics and sex predict migration in a partially migratory salmonid fish, 
Oncorhynchus mykiss? Canadian Journal of Fisheries and Aquatic Sciences, 76(11), 
pp.2080-2088. 

Kelson, S.J., Carlson, S.M. and Miller, M.R., 2020. Indirect genetic control of 
migration in a salmonid fish. Biology letters, 16(8), p.20200299. 

Kendall, N.W., McMillan, J.R., Sloat, M.R., Buehrens, T.W., Quinn, T.P., Pess, G.R., 
Kuzishchin, K.V., McClure, M.M. and Zabel, R.W., 2015. Anadromy and residency in 
steelhead and rainbow trout (Oncorhynchus mykiss): a review of the processes and 
patterns. Canadian Journal of Fisheries and Aquatic Sciences, 72(3), pp.319-342. 

Mangel, M. and Satterthwaite, W.H., 2008. Combining proximate and ultimate 
approaches to understand life history variation in salmonids with application to 
fisheries, conservation, and aquaculture. Bulletin of Marine Science, 83(1), pp.107-
130. 

McMillan, J.R., Katz, S.L. and Pess, G.R., 2007. Observational evidence of spatial and 
temporal structure in a sympatric anadromous (winter steelhead) and resident 
rainbow trout mating system on the Olympic Peninsula, Washington. Transactions 
of the American Fisheries Society, 136(3), pp.736-748. 

McMillan, J.R., Dunham, J., Reeves, G.H., Mills, J.S., and Jordan, C.E. 2012. Individual 
condition and stream temperature influence early maturation of rainbow and 
steelhead trout, Oncorhynchus mykiss. Environmental Biology of Fishes, 93: 343–
355. doi:10.1007/s10641-011-9921-0. 



Moore, J.W., Yeakel, J.D., Peard, D., Lough, J. and Beere, M., 2014. Life‐history 
diversity and its importance to population stability and persistence of a migratory 
fish: steelhead in two large North American watersheds. Journal of Animal Ecology, 
83(5), pp.1035-1046. 

Pearsons, T.N., Temple, G.M., Fritts, A.L., Johnson, C.L., and Webster, T.D. 2008. 
Ecological interactions between non-target taxa of concern and hatchery 
supplemented salmon, 2007 Annual Report Project number 1995-063-25. 
Washington Department of Fish and Wildlife. 

Phillis, C.C., Moore, J.W., Buoro, M., Hayes, S.A., Garza, J.C. and Pearse, D.E., 2016. 
Shifting thresholds: rapid evolution of migratory life histories in steelhead/rainbow 
trout, Oncorhynchus mykiss. Journal of Heredity, 107(1), pp.51-60. 

Pulido, F., 2011. Evolutionary genetics of partial migration–the threshold model of 
migration revis (it) ed. Oikos, 120(12), pp.1776-1783. 

Quinn, T.P. 2005. The behavior and ecology of Pacific salmon and trout. University 
of Washington Press, Seattle, Wash. 

Rikardsen, A.H., Haugland, M., Bjørn, P.A., Finstad, B., Knudsen, R., Dempson, J.B., 
Holst, J.C., Hvidsten, N.A. and Holm, M., 2004. Geographical differences in marine 
feeding of Atlantic salmon post‐smolts in Norwegian fjords. Journal of Fish Biology, 
64(6), pp.1655-1679. 

Satterthwaite, W.H., Beakes, M.P., Collins, E.M., Swank, D.R., Merz, J.E., Titus, R.G., 
Sogard, S.M. and Mangel, M., 2009. Steelhead life history on California's central 
coast: insights from a state-dependent model. Transactions of the American 
Fisheries Society, 138(3), pp.532-548. 

Satterthwaite, W.H., Beakes, M.P., Collins, E.M., Swank, D.R., Merz, J.E., Titus, R.G., 
Sogard, S.M. and Mangel, M., 2010. State‐dependent life history models in a 
changing (and regulated) environment: steelhead in the California Central Valley. 
Evolutionary Applications, 3(3), pp.221-243. 

Shapovalov, L. and Taft, A.C., 1954. The life histories of the steelhead rainbow trout 
(Salmo gairdneri gairdneri) and silver salmon (Oncorhynchus kisutch): with special 
reference to Waddell Creek, California, and recommendations regarding their 
management (p. 575). Sacramento, California, USA: California Department of Fish 
and Game. 

Sloat, M.R., and Reeves, G.H. 2014. Individual condition, standard metabolic rate, 
and rearing temperature influence steelhead and rainbow trout (Oncorhynchus 



mykiss) life histories. Canadian Journal of Fisheries and Aquatic Sciences, 71(4): 
491–501. doi:10.1139/cjfas-2013-0366. 

Tomkins, J.L. and Hazel, W., 2007. The status of the conditional evolutionarily stable 
strategy. Trends in Ecology & Evolution, 22(10), pp.522-528. 

Thorpe, J. E., M. Mangel, N. B. Metcalfe, and F. A. Huntingford. 1998. Modeling the 
proximate basis of life history variation, with application to Atlantic salmon, Salmo 
salar L. Evolutionary Ecology 121:581–600. 

Thorpe, J. E. 2007. Maturation responses of salmonids to changing developmental 
opportunities. Marine Ecology Progress Series 335:285–288. 

Thrower, F.P., Hard, J.J. and Joyce, J.E., 2004. Genetic architecture of growth and 
early life‐history transitions in anadromous and derived freshwater populations of 
steelhead. Journal of Fish Biology, 65, pp.286-307. 

Williams, J.G., 2006. Central Valley salmon: a perspective on Chinook and steelhead 
in the Central Valley of California. San Francisco Estuary and Watershed Science, 
4(3). 


	Monitoring Steelhead Populations in the San Joaquin Basin - Life-History Variation in Oncorhynchus mykiss
	Author List
	Introduction
	Patterns and Processes of O. mykiss Life-History Expression
	Knowledge Gaps and Next Steps
	References


