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Abstract

Oncorhynchus mykiss exhibit high plasticity in their life history patterns. Individual life history decisions are


hypothesized to result from genetic thresholds shaped by local adaptation, with variation in environmental factors

influencing the trajectories of growth and condition (e.g., Fulton’s K, lipid content). We compared growth rates and

life history patterns in two coastal creeks (Scott and Soquel) and two Central Valley (CV) rivers (American and

Mokelumne) in California. The two regions differed markedly in habitat and physical factors, including hydrograph

timing and amplitude, temperature regime, and food availability (measured as drift). Growth rates of coastal age-0

fish averaged 0.1 mm/d in summer–fall and 0.2 mm/d in winter–spring. Growth rates ofCV fish were up to 10 times

faster than those offish on the coast and had the opposite seasonal pattern, in which growth in summer–fall was faster

than that in winter–spring. Fish growth also differed between CV rivers; the mean growth rates were 1.0 mm/d in

summer–fall and 0.7 mm/d in winter–spring among American River fish and 0.7 mm/d in summer–fall and 0.5 mm/d
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in winter–spring among Mokelumne River fish. The life history expression and age structures of O. mykiss in the

coastal creeks were similar, with populations being dominated by age-0 fish but including mature residents up to age

6. The two CV populations were strikingly different in life history expression. In the American River, a single cohort

was present and nearly all fish emigrated in the spring following their birth year. In the Mokelumne River, a broad

diversity of ages (up to 4 years) was present, with a large proportion of presumed residents. The observed variation

in life histories aligned with predictions based on state-dependent life history models developed for the four streams,

further demonstrating the adaptability ofO. mykiss to contrasting rearing environments.


Coastal rainbow trout Oncorhynchus mykiss irideus, which

includes steelhead, exhibit a remarkable diversity of life his-
tories. At the end of their first year, they follow three pos-
sible trajectories: smolt transformation and emigration to the

ocean, remaining in freshwater as immature parr, or matura-
tion. Each year after the first year, multiple pathways are again

possible, such as emigration or continued freshwater residence

(Behnke 2002). Some individuals never emigrate and are iden-
tified as rainbow trout, the nonanadromous form, whereas the

anadromous form is identified as steelhead. Hereafter, we re-
fer to all forms as O. mykiss for brevity. In contrast to other

Pacific salmonids, anadromous O. mykiss are iteroparous and

may spawn over several years, returning to the ocean between

spawnings. This plasticity in life history is presumed to confer

resilience to the population in the face of a variable environ-
ment (Via et al. 1995; Greene et al. 2010; Schindler et al. 2010).

Understanding the conditions that lead to adoption of different

life history strategies and how they vary in subsequent contri-
bution to the adult population is essential for reversing ongoing

declines in abundance of anadromous O. mykiss. In addition,

an improved understanding of how individuals arrive at a par-
ticular life history pathway will improve our ability to monitor

and predict effects of changing or restored environments on O.


mykiss populations.

Extensive studies on life history plasticity in salmonids have


contributed to a general theory to explain underlying mecha-
nisms (Mangel 1994; Thorpe et al. 1998; Rikardsen et al. 2004;

Mangel and Satterthwaite 2008; Piche et al. 2008; Satterth-
waite et al. 2009, 2010). Individual state (e.g., size, growth

rate, lipid content) at various developmental time steps plays a

key role in shaping life history decisions such as smolt trans-
formation and emigration. These decision windows occur well

in advance of the transition itself (Mangel 1994; Thorpe et al.

1998). The pathway exhibited by an individual is presumed to

be the consequence ofan interaction between genetic thresholds

and the environmental context; i.e., the genetic program is cued

by the environment. Within this framework, the threshold state

determining a decision is predicted to vary as a consequence

of local adaptation. Oncorhynchus mykiss have a particularly

broad geographic range, occurring from Baja California, Mex-
ico, throughout the North Pacific Ocean to Kamchatka, Russia,

and thus are exposed to a broad suite of environmental con-
ditions. Within California high levels of genetic differentiation

in O. mykiss among stream systems have been observed along


the coast (Garza et al. 2004) as well as in the Central Valley

(Nielsen et al. 2005), suggesting there is an opportunity for

local adaptation to occur.


In modeling studies using preliminary estimates of growth

rates and size at age, we developed predictions of female O.


mykiss life history patterns in central coast (Satterthwaite et al.

2009) and Central Valley (Satterthwaite et al. 2010) popula-
tions. Models were based on estimated thresholds for optimal

decisions during aparticular timewindowas a function oftrade-
offs between future growth and survival. These tradeoffs result

from the fecundity advantage accrued by females that emigrate

to the ocean and grow to large sizes versus the potential survival

advantage accrued by females that remain in freshwater for ad-
ditional years, either smolting at larger sizes (thereby increasing

the probability ofocean survival) or adopting a resident life his-
tory. For the central coast, the results suggested that, given the

likely variation in individual sizes and growth rates, the range

of optimal decisions for a suite of individuals includes a mix

of life histories dominated by anadromous individuals emigrat-
ing at a range of ages. For the Central Valley, we predicted a

different composition of life history pathways for the Ameri-
can River versus the Mokelumne River populations, consistent

with their different environments. For the American River, we

predicted a dominant life history strategy, with emigration at

age 1. This strategy prevailed even under a broad range of sur-
vival probabilities at different stages, except when very poor

ocean survival combined with high river survival led to pre-
dicted residency (Satterthwaite et al. 2010). In contrast, for the

Mokelumne River, we predicted a mixed strategy, in which the

composition ofdifferent phenotypes is highly dependent on the

survival scenarios used.


We examined O. mykiss ecology in four stream systems: two

creeks (Scott and Soquel) in the California Central Coast Dis-
tinct Population Segment (DPS) and two rivers (American and

Mokelumne) in the Central Valley DPS (Figure 1). We focused

on the estimation of growth rates, which are hypothesized to

play a major role in determining life history pathways, and the

patterns of life history expression within each stream, which is

potentially a function of local adaptation to large differences

in the rearing environment. Although prior studies have docu-
mented basic ecology of the two coastal systems (Hayes et al.

2008; Sogardetal. 2009), limitedpublished information is avail-
able for Central Valley O. mykiss populations (but see Merz and

Vanicek1996;Merz2002). McEwan(2001) provides athorough
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LIFE HISTORY PATTERNS IN CALIFORNIA O. MYKISS 749


FIGURE 1. Location ofsampling watersheds on (A) two coastal creeks (Scott

and Soquel) and (B) two Central Valley rivers (American and Mokelumne).

Black rectangles are impassable falls on the coastal creeks and impassable

dams on the Central Valley rivers, the white rectangle on Soquel Creek is an

intermittent barrier, and black circles are sampling sites.


review ofdistribution and abundance, potential factors involved

in population declines, and management concerns forO. mykiss


in the Central Valley. However, explicit comparisons among ge-
ographic locations have not been made, nor have explicit com-
parisons been made between seasons within the Central Valley.

Ouroverall focus was to understand themechanisms underlying

variability in growth rates and whether the rearing environment

predicts consequent life history pathways.


METHODS

Study systems.—Scott and Soquel creeks are undammed,


free-flowing streams that arise in the Santa Cruz Mountains and

enter the Pacific Ocean over beaches regularly closed by sand

bars in the summer and fall, creating small lagoonal estuaries.

They have similar watershed areas, gradients, riparian vegeta-
tion, streambed geology, and hydrography (Table 1), with flows

that are dependenton local rainfall patterns. The lowdiversity of

thefishcommunities is typical ofsmall coastal creeks and is lim-
ited to O. mykiss, sculpins Cottus spp., Pacific lampreys Lampe-

tra tridentata, threespine sticklebacks Gasterosteus aculeatus,

andSacramento suckers Catostomus occidentalis. Coho salmon

O. kisutch occurred regularly in Scott Creek until recent years

and historically occurred in Soquel Creek. A small conservation

hatchery on Scott Creek produces O. mykiss that are released as

age-0 smolts and largely migrate directly to the ocean, resulting

inminimal interactionwith naturally produced juveniles (Hayes

et al. 2004).


The American and Mokelumne rivers are snow-fed streams

that begin high on the west slope of the Sierra Nevada moun-
tain range at elevations over 3,000 m. Impassable dams block

anadromous fish access to most of the historic, higher-gradient

spawning areas of both rivers. Based on habitat models devel-
oped by Lindley et al. (2006), O. mykiss are now constrained to

approximately 3% and 12% of the historically available habi-
tat on the American and Mokelumne rivers, respectively. Con-
sequently, although the two Central Valley rivers drain much

larger watersheds, reach length of available rearing habitat is

now comparable with that of the central coast creeks (Table 1).

Camanche Dam on the Mokelumne River and Folsom Dam on

the American River block coarse sediment delivery from up-
stream, and historic mining operations have resulted in depleted

instreamgravel storage, altering downstream riverbed complex-
ity (James 1997; Merz et al. 2006). Stream sections available

to O. mykiss in both systems are now highly urbanized and

sediment starved, and have degraded channels that are oversim-
plified (James 1997; Pasternacketal. 2004). Regulationofwater

releases from upstream reservoirs has dramatically altered the

ecology of both rivers by dampening the range of both flow

and temperature and altering the timing of seasonal patterns in

these physical factors as well as biological factors such as prey

delivery. Fish communities in Central Valley rivers are farmore

diverse than those of the coast and include a large number of

nonnative species (Table 1).


Genetic analysis suggests that O. mykiss throughout the

Central Valley are relatively closely related and that southern
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TABLE 1. Habitat characteristics of the four study systems. Data sources include the Recovery Plan for an Evolutionarily Significant Unit of Cen-
tral California Coast Coho Salmon (http://swr.nmfs.noaa.gov/recovery/Coho Recovery Plan 031810.htm) and the Central Valley Public Draft Recovery Plan

(http://swr.nmfs.noaa.gov/recovery/centralvalleyplan.htm).


Variable American River Mokelumne River Scott Creek Soquel Creek


Drainage area (km2) 5,120 1,624 78 110

Mouth distance to ocean (km) 182 137 0 0

Mean annual total discharge (m3 × 109 6.4 × 108 3.4 × 107 3.8 × 107


Length of potential rearing habitat (km) 37 41 26 51

Maximum gradient in rearing habitat (%) 0.1 0.1 4.5 5.0

Riparian vegetation, primary Valley foothill 

riparian/urban

Agriculture Conifer forest Conifer forest


Riparian vegetation, secondary Valley oak woodland Valley oak woodland Shrub Shrub

Mean proportion offlow from snowmelt (%) 40 10 <1 <1

Fish diversity, native species 10 12 6 6

Fish diversity, exotic species 20 26 0 0


populations within the DPS are similar to northern populations,

potentially as a consequence of extensive incorporation of Eel

River fish in the broodstock ofNimbus Hatchery on the Amer-
ican River (Garza and Pearse 2008). Based on the geographic

proximity of the American and Mokelumne rivers and the shar-
ing ofbroodstockbetween the two systems, we presumedahigh

degree of genetic similarity between these populations. How-
ever, the introduction offish from the Eel River and consequent

introgression ofhatchery fish into natural populations may have

resulted in divergence of current genotypes from those histori-
cally present in the two rivers.


Physical habitat data.—We monitored water temperatures

in each system with TidBit recorders (Onset) placed in several

locations and recording every 30 min. We obtained additional

temperature data for years prior to our study from the California

Department ofFish and Game (CDFG) for the American River

and from the East Bay Municipal Utility District (EBMUD) for

the Mokelumne River. For the coastal streams, temperature dif-
ferences between upstream and downstream sites varied by less

than 1◦C. We used temperature data from upstream sites be-
cause they included a longer time span than did our downstream

sites. For both of the Central Valley rivers, summer water tem-
peratures increased downstream from the dams that delimit the

boundary of rearing areas for O. mykiss. We used temperatures

recorded at amidpoint (WattAvenue on theAmericanRiver and

Mackville Road on the Mokelumne River) within the available

rearing section to illustrate general seasonal patterns.


We obtained flow data from the U.S. Geological Survey

(USGS) National Water Information System web site for Cal-
ifornia streams (http://waterdata.usgs.gov/ca/nwis/nwis). We

used long-term data for Soquel Creek at the town of Soquel

(located near the mouth), the American River at Fair Oaks, and

the Mokelumne River below Camanche Dam to calculate the

mean proportion ofannual water flow occurring in each month.

We also obtained daily mean flows for these three streams for

2007 and 2008 to illustrate daily variability in flow. Data from


USGS were not available for Scott Creek; thus, we assumed

that the monthly flow patterns were similar to those occurring

on nearby Soquel Creek.


Biologicaldata.—The contrasting habitats in the two regions

(narrow, shallow, low-flow streams on the coast versus broad,

deep, high-flow rivers in the Central Valley) required differ-
ent sampling methods. For the coastal creeks, we conducted

multiple-pass depletion electrofishing, matching methods re-
ported in Sogard et al. (2009), in June, October, and December

of 2006 and 2007, and June of 2008 at each of four 100-m-
long sites in each watershed. For the Central Valley rivers, we

used a variety of methods, including seining, boat electrofish-
ing, and hook-and-line sampling, to capture fish at three sites in

the American River and two sites in the Mokelumne River, with

sampling conducted on an opportunistic basis throughout 2006,

2007, and 2008. We supplemented these collections with prior

data fromseining and electrofishing conducted on theAmerican

River (CDFG, unpublished data) and on the Mokelumne River

(EBMUD, unpublished data). Because these methods were not

quantitative, we were not able to estimate population densities

for the Central Valley rivers. There was also a potential bias of

size-selectivity associated with the different methods. For our

estimates ofgrowth we compared size-frequencies ofage-0 fish

over time, using fish primarily captured by seine, which may

have biased our samples toward smaller fish, resulting in un-
derestimates of growth. We also measured growth of marked

and recaptured individuals, which should not have been biased

by capture method. All hatchery-reared O. mykiss in California

have their adipose fins clipped before release. We excluded all

hatchery fish fromanalyses; thus, all reported results refer to ju-
veniles derived from in-river spawning (although their parents

could have been produced in hatcheries).


We compiled size data across years to examine annual

patterns in length frequencies. All size, age, and growth data

reported here were based on wild fish captured in freshwater

habitats of the four streams, thus including juvenile stages of
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individuals that will eventually emigrate to the ocean as well as

both juvenile and adult stages of resident individuals. We did

not examine emigrating smolts or returning adults.


We tagged all fish >65 mm fork length (FL) with a passive

integrated transponder (PIT) tag (Allflex) to allow us to rec-
ognize individuals at subsequent recapture. Recaptures at the

eight coastal sites were common and provided considerable in-
formation on growth patterns. For the Central Valley systems,

we supplemented our recaptures with additional tag and re-
capture data from CDFG and EBMUD for the American and

Mokelumne rivers, respectively. We computed growth rates as

daily increase in FL (mm/d). We divided growth estimates into

two seasons: summer–fall, with measurements taken between

May and December, and winter–spring, with measurements be-
tweenDecember andMay. We comparedgrowthdata separately

for presumed age-0 and age-1+ fish, with age categories based

on visual inspection of length-frequency modes at each site and

scale analyses. Mean growth rates among streams were com-
pared by using ANOVA followed by post hoc Tukey’s tests (α


= 0.05) for individual comparisons.

In addition to direct estimates of growth from recaptured


tagged fish, we evaluated growth rates based on the progres-
sion of length frequencies over time. This method is indirect

and is influenced by selective mortality and variation in age

composition if cohorts overlap in size. Therefore, we applied

length-frequency analysis only to age-0 fish, which generally

comprised a discrete mode compared with older fish and could

be readily tracked over time. Because cohorts older than age-0

overlapped in size distributions, we were not able to estimate

growth rates ofage-1+ fish fromchange inmean size over time.

As before, we estimated growth within two seasons, summer–

fall andwinter–spring. For the coastal streams, we sampled three

times per year in June, September–October, and December. We

regressed the mean lengths of age-0 fish on time for the three

times each year to estimate summer–fall growth, and from De-
cember to the following June to estimate winter–spring growth.

Data were available for 2006 and 2007 in both creeks. For both

Central Valley rivers, additional length data were available for

years prior to our study. For the summer–fall season, we had

sufficient data for analysis for 5 years (2001, 2002, 2004, 2006,

and 2007) on the American River and for 14 years (1995–2008)

on the Mokelumne River. For the winter–spring season, we had

sufficient data for only 1 year on the American River (2007)

but for 11 years on the Mokelumne River (1995–2007, except

1999 and 2003). To estimate growth, we regressed fish length

on time during the respective seasons by using the mean lengths

offish during 10-d intervals; i.e., each interval was represented

by a single point consisting ofthe mean length ofall fish caught

during that interval. This approach reduced any bias associated

with variable sampling effort over time. We used the slope of

the regression as an estimate of daily growth in length.


Weagedrandomsamples offishfromeach systemfromscale

annuli following the methods of Davis and Light (1985). In

addition, we were able to determine the age ofsome PIT-tagged


fish based on recaptures in subsequent years. These individuals

were first tagged at a size presumed to correspond to the age-0

cohort. We assigned fish to age 1 in March following their birth

year.


To provide an index of drifting invertebrates available as

prey for juvenile fish, we conducted monthly sampling at each

site in each of the four stream systems. Two 1.0-m drift nets,

with mouth opening of 0.1 m2 and mesh size of 500 µm, were

placed side by side directly into the current and fished for 10–

60 min. The nets were positioned at the interface between the

tailout of a pool or run and the head of a riffle, correspond-
ing to the preferred feeding locations of stream salmonids de-
scribed by Fausch (1984). Captured organisms were identified

to the nearest orderor the lowestpractical taxonomic level, mea-
sured for length (nearestmillimeter), and assigned to a life stage

(larva, pupa, or adult) and size-class (Merz andChan 2005). Dry

biomass was determined for each taxon by using the methods of

Merz (2002) and summed for each sample. We used these totals

to estimate drift rate and drift density. Drift rate was the total

biomass (in grams) passing through a 1-m2 area per hour, which

provided a comparison offeeding opportunities among the four

streams without adjustment for flow rates. Drift density was the

total biomass (in milligrams) present in a 1-m3 volume of wa-
ter, which thus allowed for the comparison of the abundance of

potential prey after adjusting for differences in flow rate among

streams.


RESULTS


Physical Habitat Patterns

Seasonal patterns in water temperature differed among the


four streams (Figure 2). Although the annual cycle in the two

coastal systems was similar, Scott Creek tended to have tem-
peratures about 1.4◦C cooler in the summer and about 1.3◦C

warmer in the winter compared with Soquel Creek. The highest

temperatures occurred in August, with a daily mean of 15.3◦C

in Scott Creek and 16.5◦C in Soquel Creek, and the coolest

temperatures were in January, with means of 7.3◦C and 5.6◦C,

respectively. In the Central Valley, temperature patterns differed

markedly between the two rivers. In the American River, the

warmest temperatures were in August, with a daily mean of

19.2◦C, whereas in the Mokelumne River, the warmest temper-
atures were in September, with a mean of 15.2◦C. The coolest

temperatures were in January on the American River, with a

mean of 9.1◦C, and in February on the Mokelumne River, with

a mean of10.2◦C. Daily maximum temperatures in the summer

regularly exceeded 20◦C on the American River but did so only

rarely on the Mokelumne River or the coastal streams.


The annual pattern of water delivery differed dramatically

between free-flowing Soquel Creek on the central coast and the

regulated rivers of the Central Valley (Figure 2). Soquel Creek

receivedon average 65% ofits annual flowduring the rainywin-
termonths ofJanuary through March, and only 2.3% during the

summer from July through September. In contrast, flows in the
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FIGURE 2. Annual cycle ofwater temperature and flow on the study streams.

Temperatures are the monthly means ± SD over multiple years (Scott Creek

and Soquel Creek 2006–2009; American River 2001–2008; Mokelumne River

1997–2004). Flow data are the proportions of annual flow occurring each

month, based on multiple years (Soquel Creek and American River 1951–2010;

Mokelumne River 1993–2010). Flow data were not available for Scott Creek.


Central Valley rivers were more evenly distributed throughout

the year and matched regulated releases from reservoirs above

the dams. The American River received on average 34% of its

annual flow during the three winter months and 18% during

the three summer months. Similarly, the Mokelumne River re-
ceived on average 31% of its flow during the wintermonths and

20% during the summer. Daily flow patterns likewise varied

between the central coast and Central Valley (Figure 3). Flows

on the American and Mokelumne rivers reflected interannual

differences in scheduled dam releases. Flows on Soquel Creek,

in contrast, demonstrated the expected pattern for central coast

streams, in which flashy flows were associated with rainstorms

in the winter and minimal flows during the dry season.


Drift Invertebrates

Whether estimated as drift rate (biomass passing through


over time, unadjusted for flow rate) or drift density (biomass

per volume of water), the availability of invertebrate prey was

highly variable within a stream but overall much higher in the

Central Valley rivers than in the central coast creeks (Figure 4).

Differences among the streamswere large in spring and summer

months and less apparent in winter months. Within a stream,

drift biomass was higher in the winter than in the summer for

the coastal creeks and higher in the summer than in the winter

for the Central Valley rivers.
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FIGURE 3. Mean daily flows in the American River, Mokelumne River, and

Soquel Creek during 2007 and 2008. Note different ranges ofvalues on y-axes.


Size Distributions

Weobserved striking differences in the size-frequency distri-

butionofO. mykissbetween the central coastandCentralValley,
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FIGURE 4. Mean ± SE total biomass of invertebrates (dry weight) captured

in drift nets in each stream in each month. Samples from different sites and

different years are combined. (A) Drift rate indicates the biomass (in grams)

passing through a 1-m2 area in 1 h, with no adjustment for differences in flow

rates. (B) Drift density indicates the biomass (in milligrams) contained in 1 m3


ofwater, thus adjusting for differences in flow among streams and months.
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as well as between the two rivers within the Central Valley (Fig-
ure 5). In spring, all four streams had a large mode of age-0

fish. In the coastal streams there was also a small mode ofolder

fish in a size range of about 100–200 mm FL. Oncorhynchus


mykiss in the American River largely comprised a single year-
class, and there was minimal evidence of fish older than age-0.

Excluding mature fish returning from the ocean, our data set

included 4,257 fish measured in the American River from 2001

to 2008. Of these, only two fish, caught in July at sizes of 318

and 360 mm FL, were presumed to be older than age-0. They

were probably age-1 fish that did not migrate in the spring with

the rest of the age-0 cohort. In contrast, older fish were com-
mon in the Mokelumne River and a wide range of sizes were

present, suggesting there were multiple age-classes and a large

proportion offish with a resident life history. In the fall, growth

differences among the four streams were evident in the size dis-
tribution of the age-0 cohort. Slow growth of age-0 coastal fish

resulted in only a minor progression of sizes. In the American

River, the single mode composed of age-0 fish was retained

but shifted to much larger sizes due to extremely rapid growth

rates. All cohorts showed moderate growth in the Mokelumne

River. Patterns observed in the fall were largely maintained in

the subsequent winter size-frequency distributions.


Growth Estimates

Indirect growth estimates based on regressions ofage-0 sizes


over time suggested major differences between the coastal and

Central Valley streams in both absolute growth and patterns by

season (Figure 6). Fish in the two coastal streams had similar

growth rates, withanaverageof0.11 and0.14mm/d in summer–

fall in Scott Creek and Soquel Creek, respectively. Growth es-
timates for the Central Valley populations far exceeded those

of the coastal populations. In the American River, summer–fall

growth rates ofO. mykiss were about 10 times faster than on the

coast, withanestimatedmeanof1.12mm/d. On theMokelumne

River, growth rates in summer–fall were about five times faster

than on the coast, with a mean for the 14 years of 0.60 mm/d.

Seasonal patterns also differed between the coast and Central

Valley. Age-0 growth rates approximately doubled during the

winter–spring season on the coast, with estimatedmeans of0.24

and 0.21 mm/d on Scott Creek and Soquel Creek, respectively.

In contrast, fish growth in the Central Valley was slower in

winter–spring than in summer–fall, with an estimate of 0.61

mm/d for the single year of data for the American River and a

mean of0.46 mm/d for the 11 years ofdata for the Mokelumne

River.


Direct growth estimates of age-0 fish based on recaptures of

PIT-tagged individualsweregenerally similar to those estimated

from size progressions over time (Figure 6), suggesting that any

gear bias associated with our indirect estimates was minimal.

On the coast, summer–fall growth of recaptured fish averaged

0.05 mm/d in Scott Creek and 0.07 mm/d in Soquel Creek. In

the winter–spring season these rates increased to 0.20 and 0.18

mm/d, respectively. For the American River we did not have re-

captures in winter–spring, but summer–fall growth rates ofage-
0 tagged fish averaged 0.98 mm/d. In the Mokelumne River,

growth rates of age-0 PIT-tagged fish averaged 0.81 mm/d in

summer–fall and 0.44 mm/d in winter–spring. Analyses ofvari-
ance comparing age-0 growth in summer–fall indicated signifi-
cant differences among streams (F3, 400 = 754.45, P < 0.001),

and the growth of fish in the American River was faster than

that in the Mokelumne River, which in turn was faster than for

the two coastal sites, which did not differ from each other (post

hoc Tukey’s tests). Likewise, growth during the winter–spring

differed among streams (F2, 116 = 29.5, P< 0.001), and growth

ofMokelumneRiverfishwas faster than in the two coastal sites,

which did not differ from each other (post hoc Tukey’s tests).


Growth rates ofage-1+ fish calculated from recaptured PIT-
tagged fish were generally low in all of the streams where older

fish occurred (older fish occurred at only very low frequency in

the American River). On the coast, growth rates ofage-1+ fish

were similar to those of age-0 fish, and mean rates were 0.05

and 0.03 mm/d on Scott Creek and Soquel Creek, respectively,

in summer–fall and 0.26 and 0.08 mm/d on Scott Creek and

Soquel Creek, respectively, in winter–spring (Figure 6). In the

Mokelumne River, older fish displayed a marked decrease in

growth compared with the age-0 cohort, and means were 0.20

mm/d in summer–fall and 0.14 mm/d in winter–spring. Analy-
ses ofvariance comparing age-1+ growth in summer–fall indi-
cated significant differences among streams (F2, 521 = 53.5, P<


0.001), and the growth ofMokelumne River fish was faster than

for the two coastal sites, which did not differ from each other

(post hoc Tukey’s tests). Fish growth during the winter–spring

again differed among streams (F2, 62 = 11.5, P < 0.001), but in

this season Scott Creek fish grew faster than Mokelumne River

and Soquel Creek fish, which did not differ from each other

(post hoc Tukey’s tests).


Age Estimates

Age estimates generally concurred with growth estimates


(Figure 7). Ages of O. mykiss from the two coastal creeks

spanned a range from 0 to 6 years. For the American River,

all scales examined, which included some of the largest fish

captured, were assigned to age 0. After March 1, our arbitrary

cutoff designating when fish advanced to age 1, no large fish

were captured in the American River with the exception of two

individuals (scales not available), suggesting nearly all of an

annual cohort emigrated during the spring following their birth

year. For the Mokelumne River, age estimates of fish ranged

from 0 to 4. Some of the large fish captured in the winter (Fig-
ure 5) may have been adults returning from the ocean. However,

the broad range of sizes and ages for fish captured from spring

through fall in the Mokelumne River indicated a large propor-
tion of fish that adopted the resident life history and were able

to attain a large size entirely in freshwater. Of43 fish estimated

to be at least 2 years old, 28 appeared to have spawned, based

on checks present on scales, confirming their status as residents.

The larger sizes ofolder fish in the Mokelumne River compared
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FIGURE 5. Length-frequency patterns of Oncorhynchus mykiss in four California streams during seasons of spring (sampling in May–June), fall (sampling in

September–October), and winter (sampling in December–January). Bars indicate the proportion offish in each 10-mm size-class.
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FIGURE6. Estimatedgrowth rates (mean + SE) ofOncorhynchusmykiss for

(A, B) age-0 fish and (C) age-1+ fish in four California streams. (A) Estimates

are derived indirectly from length-frequency progressions over time, and (B, C)

estimates are derived directly from recaptures of PIT-tagged fish. Results were

divided into two seasons, summer–fall (May–December) and winter–spring

(December–May). ND = no data available.


with those on the coast reflected their much faster growth

rates.


DISCUSSION

Juvenile O. mykiss rearing in central coast creeks and Cen-

tral Valley rivers experience radically different environmental

conditions. Physical factors offlow and temperature on the cen-
tral coast largely exhibit high seasonal variation driven by solar

input and rain patterns. Water temperatures on the coast are pri-
marily controlled by air temperature and can range from lows

of <5◦C in the winter to near 20◦C in the summer, although

summer temperatures are largely moderate owing to the coastal

climate. In the Central Valley, temperatures are controlled by

dam releases ofreservoirwater, with a greatly moderated range.

Temperatures in thewinter rarely fall below8◦C. In the summer,

temperatures depend on the amount of water released and the

thermal structure of the reservoir. For the American River, tem-
peratures can reach daily maxima of 23◦C in a dry year when

minimal water is released, but only 18◦C in a wet year when re-
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FIGURE 7. Ages of Oncorhynchus mykiss in four California streams based

on scale analyses or recaptures of fish initially PIT-tagged at age 0. Fish were

assigned to age 1 in March following their birth year.


leases are higher (U.S. Department ofthe Interior 2008). For the

MokelumneRiver, water released frombelow the reservoir ther-
mocline results inmoremoderate summer temperatures than for

the American River. Within both Central Valley rivers, summer

temperatures increase rapidly downstream from the reservoir

owing to high air temperatures. Flow rates on the coast are

flashy in the winter and slowly decrease after the rainy sea-
son to minimal levels in the fall. In the Central Valley rivers,

flow rates depend on dam releases and variability is greater

among than within years. In a dry year, flow rates may be rel-
atively constant throughout the year, but in a wet year releases

will be increased to lower reservoir levels as needed for future

flood protection. Another potentially important physical differ-
ence is the distance from rearing habitats to the ocean. Central

coast O. mykiss can emigrate directly into the ocean, whereas

anadromous O. mykiss ofthe Central Valley have amuch longer

migration corridor (Table 1).


Additional habitat differences between the central coast and

Central Valley include substrate composition, geomorphology

of the streams, riparian structure and canopy, and aquatic com-
munity composition. Central coast fish communities are de-
pauperate, particularly in the upper sections of the watershed.
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In contrast, in the Central Valley O. mykiss encounter a di- 
verse community of potential competitors and predators, in- 
cluding introduced species (e.g., striped bass Morone saxatilis, 
largemouth bass Micropterus salmoides, smallmouth bass M. 

dolomieu) with a high capacity for consumption (Johnson et al. 
1992; Tabor et al. 2007). Our estimates of invertebrate prey 
available in the drift suggest there are much higher biomasses in 
the Central Valley than on the central coast and that seasonality 
is opposite in the two regions. Some of these differences reflect 
the delivery of pelagic prey (e.g., cladocerans) from reservoirs 
behind the dams. Such prey can comprise a large contribution 
of the diet of juvenile O. mykiss in Central Valley rivers (Merz 
2002), but are unavailable in coastal streams. 

The combined suite of natural and anthropogenic envi- 
ronmental differences presumably plays a major role in the 
marked biological contrasts of the populations compared in this 
study. Growth rate differences are particularly prominent. In the 
summer–fall, growth offish on the central coast is slow andneg- 
atively density-dependent and decreases with body size (Hayes 
et al. 2008; Sogard et al. 2009; this study). Other coastal creeks 
in California also have relatively poor growth of juvenile O. 

mykiss during the summer (Harvey et al. 2005; Boughton et al. 
2007; McCarthy et al. 2009), presumably as a consequence of 
low food availability during the low flows of the dry season. 
Harvey et al. (2005) manipulated stream flow in a northern Cal- 
ifornia creek and found that fish in control stream sections grew 
8.5 times faster than those in sections with reduced flows. In a 
southern California creek, specific growth in weight was near 0 
in control groups (0.038/d) but rose to 2.28/d for groups supple- 
mented with additional food (Boughton et al. 2007). Summer 
growth rates of O. mykiss in the Central Valley that were 5 
(Mokelumne River) to 10 (AmericanRiver) times faster than on 
the coast suggest few constraints on growth, particularly for the 
American River population. 

Growth rates of juvenile O. mykiss in Pacific Northwest sys- 
tems more closely match those of the California central coast 
creeks, although they have the opposite seasonal pattern of 
higher growth in summer than in winter. For an Oregon creek, 
Reisenbichler and McIntyre (1977) observed summer growth 
rates of 0.04–0.25 mm/d and winter growth rates of 0.01–0.08 
mm/d. For another Oregon system, Tattam (2006) found the 
highest growth rates were in spring, intermediate growth oc- 
curred in summer, and lowest growth was in fall and winter. 
When converted to specific growth in weight, summer rates in 
the coastal streams in our study averaged 0.3%/d, whereas the 
MokelumneRiverfish averaged 1.5%/d and theAmericanRiver 
fish averaged 2.4%/d. Specific growth rates calculated in sum- 
mer for age-0 fish in British Columbia and Washington streams 
were generally <0.8%/d (Hume and Parkinson 1988; Tatara 
et al. 2009). In fall, at the end of the summer growth season in 
PacificNorthwest streams, age-0 O. mykiss attain sizes of50–90 
mm FL and 2–7 g (Reisenbichler and McIntyre 1977; Johnson 
and Kucera 1985; Hume and Parkinson 1987; Johnston et al. 
1990), which are comparable with the sizes we observed for the 

coastal streams. Summer growth rates in midwestern and east-
ern U.S. streams are intermediate to our results for California.

In Michigan creeks, Godby et al. (2007) found specific growth

rates of 1.0–2.2%/d in summer and 0.2–0.3%/d in winter for

landlocked steelhead. Sizes of age-0 fish in fall ranged from 70

to 100mmFLand6–12 g (Johnson 1980; Wentworth andLaBar

1984; Seelbach 1993; Godby et al. 2007). In contrast, mean fall

sizes ofage-0 fish in the Mokelumne and American rivers were

140 mm and 42 g and 210 mm and 115 g, respectively.


Growth of juvenile fish is highly dependent on the interac-
tion between food availability and temperature; higher temper-
atures can support faster growth if sufficient food is available

to fuel increased metabolic rates (Brett et al. 1969; Sogard and

Olla 2001). Growth versus temperature relationships typically

follow a parabolic pattern that shifts with food availability, al-
though some species exhibit a sharp decline in growth at upper

thermal limits (Sogard and Olla 2001). Although reduced sum-
mer growth ofO. mykiss in the coastal streams suggests there is

a correlation with warmer temperatures, growth rates in Soquel

Creekare even lower in the fall despite more moderate tempera-
tures (Sogard et al. 2009), again pointing to food availability as

the limiting factor. The extremely rapidgrowth rates observed in

fish in the American River suggest that warm summer tempera-
tures enhance rather than inhibit growth and food is not limiting.

In laboratory experiments with the American River’s hatchery

strain (Nimbus), growth rates at 19◦C were 1.3–1.7 times faster

than those at 15◦C or 11◦C (Myrick and Cech 2005). More

moderate summer temperatures on the Mokelumne River may

limit growth compared to the AmericanRiver. We were not able

to quantify densities on the two rivers, but lower densities of

O. mykiss in the American River may also contribute to their

rapid growth by reducing competition.


The two regions also differed in the seasonality of growth,

and faster fish growth occurred in the winter–spring than in the

summer–fall in the coastal creeks and the opposite pattern oc-
curs in the Central Valley rivers, althoughwinter growth rates of

age-0 fish in the Central Valley still greatly exceeded those on

the coast. On the coast the seasonal difference probably reflects

the increased delivery ofdrift prey as flows increase withwinter

storms (Figure 4). Benthic prey in the interstices of gravel and

attached to rocks were more abundant in summer–fall than in

winter–spring for a stream in the south-central California coast

DPS (Rundio and Lindley 2008), but growth rates of juvenile

O. mykiss were higher in winter–spring than in summer–fall

(D. E. Rundio, National Marine Fisheries Service, unpublished

data), potentially a consequence of increased drift delivery. In

the Central Valley, reduced winter growth rates are potentially

a function oflower temperatures as well as reduced abundances

ofdrift invertebrates. In undammed Pacific Northwest systems,

higher flows occur in the winter rainy season, potentially in-
creasing drift prey abundances, but low temperatures probably

inhibit growth.


In addition to the environmental factors underlying forag-
ing opportunity in the different systems, there are potentially
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local adaptation effects influencing inherent growth capacity.

In common-garden laboratory experiments, growth rates of a

central coast O. mykiss population (Scott Creek, Monterey Bay

Salmon and Trout Project hatchery) were significantly lower

than thoseofanorthernCentralValley population (BattleCreek,

Coleman National Fish Hatchery), particularly under enhanced

opportunities ofwarmer temperatures (Beakes et al. 2010). Be-
havioral differences between the two populations were evident,

and the central coast fish appeared to be risk-averse and the

CentralValley fish appeared to be risk-prone, aggressive feeders

that rarely usedavailable shelters (Beakes etal. 2010). Theunre-
solved ancestry of the American and Mokelumne river popula-
tions makes it difficult to determine whether their faster growth

rates compared with central coast populations are solely due

to environmental feeding opportunities. It is possible that they

reflect selection for rapid growth in a hatchery environment;

Johnsson et al. (1993) found that progeny of wild anadromous

O. mykiss crossed with nonanadromous hatchery fish and held

on unlimited rations had growth rates intermediate to the two

parental types. It is also possible that wild Central Valley pop-
ulations have experienced natural selection for faster growing

genotypes even in the absence ofhatchery influences.


The two regions also differ in size at emigration. On-

corhynchusmykiss in the central coast creeks emigrate primarily

at a size of <190 mm (Shapovalov and Taft 1954; Bond et al.

2008), although some smaller downstream migrants may spend

the summer in coastal estuaries, where rapidgrowth allows them

to attain sizes of>200 mmprior to final emigration to the ocean

(Bond et al. 2008). In contrast, Central Valley fish emigrating

to the ocean appear overall to leave at a size of around 200–

250 mm, with minimal variability among years or populations

(Williams 2006; U.S. Department of the Interior 2008). Like-
wise, emigrating O. mykiss smolts captured at salvage facilities

generally range from 226 to 250 mm (U.S. Department of the

Interior 2008). American River smolts even exceed 300 mm, as

evidenced by the size of age-0 fish still present in the river in

December.


In addition to major differences in growth rates, there are

large differences in life history expression among the four

streams. Coastal streams are largely represented by immature

fish that are probably the progeny ofanadromous parents. Age-
1 fish are present but in much lower numbers than age-0 fish,

suggesting either high overwintermortality or high rates ofem-
igration at age 1. The latter is unlikely owing to the small size

and thus poor survival probability of age-1 emigrants (Ward

et al. 1989; Bond et al. 2008), although growth in the lagoon

may boost the effective size of young migrants (Hayes et al.

2011), and Shapovalov and Taft (1954) report nontrivial returns

of fish that emigrated at age 1 despite their presumably low

ocean survival. However, Shapovalov and Taft (1954) report a

predominance ofage-2 and older emigrants for Waddell Creek,

California, and Hayes et al. (2011) report fish “smolting” twice

in ScottCreek, migrating to the ocean after rearing in the lagoon

the previous year. Fish of age 2 and older are also present in


coastal systems, but may be represented largely by early ma-
turing males, which then remain in the stream. At one site on

Soquel Creek (Ashbury) there is a downstream waterfall that

was a full barrier to migrating anadromous adults before 1989,

when it was dynamited, and is now an intermittent barrier de-
pending on winter flow levels. Here the O. mykiss population is

composed ofawide range ofsizes, and multiple recaptures over

several years suggest there is a large proportion of resident fish.

At the other Soquel Creek sites and all of the Scott Creek sites,

which have no apparent migration barriers, presumed residents

are few in number. On the American River, the O. mykiss pop-
ulation consists of very nearly a single cohort, of which almost

all members emigrate after their first winter at age 1. Extremely

rapid growth rates result in a large size at the time of emigra-
tion, with a presumably much greater likelihood of survival in

the marine environment compared with age-1 emigrants from

the coastal populations. On the Mokelumne River, there is a

large contingent of older fish presumed to be residents based

on their body size. We captured large numbers of fish on the

Mokelumne River that exceeded 300 mm and thus were larger

than most Central Valley emigrants. These fish displayed the

darker coloration typical of the resident life history, and many

had spawning checks on their scales.


The life history pathways exhibited by O. mykiss in the

four systems were largely predicted for females by our state-
dependent models (Satterthwaite et al. 2009, 2010) and tracked

the large variation in growth rates among systems in the ex-
pected way. As discussed above, we infer that the coastal creeks

were dominated by anadromous fish, and slow growth rates

largely inhibited emigration before age 2. Fish in this system

advance in age-class on March 1 and emigrants leave during the

spring. Thus, a fish last seen in the winter at age 1 would be

age 2 at the time it emigrates, but we would not see any age-2

fish in the coastal streams until our June sampling event and

thus would miss fish that had emigrated at age 2. Examining

the winter size-frequencies in Figure 5 along with the size at

age in Figure 7, we see that the vast majority of age-0 coastal

fish are below the putative 100–110-mm smolting threshold in

December (Satterthwaite et al. 2009, their Figure 3), whereas

most but not all age-1 fish are above it. Thus, we predict few

age-0 fish will initiate smolting in time to emigrate the follow-
ing spring at age 1, but many age-1 fish will initiate smolting in

time to emigrate at age 2. Thus, the model predicts a predom-
inance of age-2 smolts on the coast, but with a mix of smolt

ages since some age-2 fish are too small to initiate smolting

and predicted to do so at age 3, and the largest observed age-1

fish would also be predicted to smolt. Further exploration of

the frequency of age-1 fish emigrating directly to the ocean (as

opposed to rearing in the lagoon) would aid in evaluating model

performance in predicting smolt ages, and the model might be

modified to account explicitly for lagoon rearing. The presence

of residents above the intermittent (previously permanent) bar-
rier in Soquel Creek is also consistent with model predictions.

From the perspective ofthe above-falls population, any decrease
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in the probability ofadult fish returning is effective mortality of 
anadromous fish, and as Satterthwaite et al. (2009, 2010) note, 
decreasing emigrant survival is predicted to lead to increased 
residency. 

By contrast, every American River fish sampled in the win- 
ter was over 200 mm (Figure 5), suggesting that all or nearly 
all age-0 fish in winter are larger than the predicted 130–140- 
mm threshold size (Satterthwaite et al. 2010, their Figure 5) 
and leading to the prediction ofa population consisting entirely 
of anadromous fish that emigrate in the spring just after they 
become age 1. Finally, from Figure 6 we see that the mean 
growth rate of Mokelumne River age-0 fish was around 0.4– 
0.5 mm/d in winter–spring and 0.6–0.8 mm/d in summer–fall. 
At these growth rates, the latest emerging fish would be pre- 
dicted to adopt a resident life history (Satterthwaite et al. 2010, 
their Figure 6) with the remainder adopting an anadromous life 
history. In addition, individual fish on the Mokelumne River 
displayed a wide range of growth rates (0.034–1.17 mm/d for 
age-0 fish in winter–spring), and residency would be predicted 
for the slower-growing fish within this range. 

The Mokelumne River population presents the largest dis- 
crepancy from model predictions, since the model predicts a 
mixture of anadromous and resident fish but with anadromous 
fish dominating, given baseline survival assumptions. This may 
be inconsistent with the large number of residents inferred 
above. In addition, Del Real et al. (2012) demonstrated with 
acoustically tagged wild fish that downstream migration was 
rare; 74% of natural-origin fish were presumed to be residents 
based on their fine-scale movements within the study reach. 
However, as mentioned in the Introduction, the model’s pre- 
dicted balance between residents and anadromous fish is sensi-
tive to highly uncertain survival estimates, and it is possible that

the baseline survival assumptions do not adequately describe 
real conditions on the Mokelumne River. Future field work es-
timating survival in the Mokelumne River would be helpful

in determining the extent to which the model can successfully

predict the balance between residency and anadromy.


An alternative explanation for the near-complete absence

of older juveniles in the American River relates to the higher

water temperatures in this system. Despite the apparent growth

benefits of warmer temperatures for age-0 juveniles (Myrick

and Cech 2005; this study), there may be negative aspects that

were not addressed in our study, such as disease or reduced

thermal tolerance ofolder juveniles. Myrick and Cech’s (2005)

study did not include older juveniles, which may have a lower

thermalpreference. Thus, theemigrationofannual cohorts in the

spring following their birth year could also be a function of the

AmericanRiver’s thermal regime. Spina (2007), however, found

that O. mykiss residing in southern California streams exhibited

behavioral activity suggesting adaptation to temperatures that 
regularly exceed 20◦C. Although fish ages in Spina’s (2007) 
study were not noted, behavioral data recorded for fish from

100 to 280 mm in size suggested fish were mostly older than 
age-0. 

The large variability in growth rates and life history expres-
sion found in this study provides additional testament to the

remarkable plasticity of O. mykiss and the species’ ability to

adapt to different freshwater environments while inhabiting a

common marine environment (for the anadromous individuals).

Our results suggest major differences both between the Central

Valley and Central Coast DPSs and within the Central Valley

DPS. Themarkedcontrast in growthand life history attributes of

the two Central Valley rivers underscores the difficulty ofdevel-
oping common management goals even at the level of the DPS.

The importance ofhabitat in determining life history expression

is further complicated by the genetic ancestry of the local pop-
ulations and the extent to which they reflect adaptations to the

original habitats for transplanted stocks. Management decisions

affecting the growth environment, including habitat availability,

food delivery via drift, and physical conditions such as temper-
ature, can potentially alter the natural distribution of life history

patterns exhibited inO. mykiss populations. Sensitivity analyses

conducted by Satterthwaite et al. (2010), however, suggest that

patterns of life history expression ofO. mykiss in the American

and Mokelumne rivers are relatively robust to changes in their

respective habitats, and shifts in the probability of mortality

along the migration corridor may have the greatest potential for

changing these patterns. Our results document striking differ-
ences in habitat and growth rates in the freshwater environment

of different stream systems. Further information on survival

rates of O. mykiss throughout the potential geographic range

traveled by anadromous individuals is needed to better under-
stand the life history pathways selected by both future smolts

and future mature residents.
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