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Executive Summary 

There is significant uncertainty regarding key demographic and life history traits of California 

Central Valley steelhead (CCV steelhead) Oncorhynchus mykiss (O. mykiss) populations that 

complicates management decisions related to state and federal water operations. To address 

this issue, state and federal agencies are committed to advancing the state of CCV steelhead 

monitoring and science as part of long-term operational planning. More specifically, these 

agencies have committed to developing a steelhead juvenile production estimate (JPE), the 

estimated number of juvenile O. mykiss that outmigrate from natal tributaries into the 

Sacramento-San Joaquin Delta each year, as well as accelerating research and monitoring to 

better understand CCV steelhead biology and the impacts of water operations decisions on the 

species.   

This document provides a plan (i.e., “science plan”) for identifying and prioritizing the 

monitoring, and science needs for calculating a JPE and filling CCV steelhead knowledge gaps. 

This science plan outlines multiple methods for calculating a JPE, synthesizes known CCV 

steelhead information and monitoring efforts, defines a conceptual steelhead life-cycle model, 

and outlines key data management practices. The overarching goal of this science plan is to 

provide state and federal agencies with a roadmap for addressing some of the uncertainty 

complicating CCV steelhead management. 

The JPE methods in this science plan will produce a metric of annual population productivity 

that can potentially replace the metric currently being used to manage steelhead loss at the 

Sacramento-San Joaquin Delta water export facilities. The current metric is based on historical 

loss records with limited connection to vitality rates of CCV steelhead populations. The JPE 

described in this plan will be more directly linked to these vitality rates with the flexibility to 

incorporate diverse population demographics and multiple diversity groups. This flexibility is 

important because CCV steelhead are more complex than other salmonids due to the diverse 

life history strategies the species exhibits. 

Well-designed monitoring programs are paramount in assessing and informing management 

decisions. This science plan provides guidance for monitoring and research that will help 

address CCV steelhead knowledge gaps related to population demographics and drivers of 

anadromy. In addition, this plan identifies existing programs that directly or indirectly monitor 

CCV steelhead and produce valuable information or contain infrastructure that can be leveraged 

for the monitoring and research needs described in this plan (e.g., acoustic telemetry receiver 

network).  

Developing conceptual models of the steelhead life cycle and factors that affect populations and 

life-history expression may help identify the necessary core monitoring programs and steps 

necessary for a steelhead JPE. This science plan contains CCV steelhead conceptual models 

that were developed for different stages of the steelhead life cycle with one conceptual model 

focused on life-history expression. Each conceptual model is structured across hierarchical tiers 

of increasing nuance and complexity with clear hypotheses related to factors that may impact 

population dynamics and life-history expression. For consistency and familiarity, these 

conceptual models follow the framework of other conceptual models in the Central Valley, albeit 

CCV steelhead conceptual models are more generalized to ensure applicability across 

tributaries. 
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Lastly, data from monitoring programs and research is the basis of informing the management 

decisions thus a data management plan is foremost in protecting the value and utility of the 

data.  Datasets should include detailed guidance on discovering, using, and interpreting the 

data, a sufficient quality assurance and control plan, and include proper metadata to insure the 

correct use and interpretation of the data. Data should have open access and when possible, 

should be centralized to allow for integration across multiple monitoring projects and allows for 

others to utilize datasets. 
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Introduction 

There remains significant uncertainty regarding California Central Valley (CCV) Oncorhynchus 

mykiss (O. mykiss) abundance, distribution, productivity, and life history diversity. This 

uncertainty is driven from limited data on both the resident (i.e., trout) and anadromous (i.e., 

steelhead) life-history forms of the species. Although there are CCV salmonid monitoring 

programs that have collected data on O. mykiss, the monitoring is not standardized, often 

designed for Chinook salmon (Oncorhynchus tshawytscha) populations, and inadequate for 

assessing population viability (Lindley et al. 2007). In addition, data collected on O. mykiss are 

primarily composed of information on steelhead because this is the only life-history form 

protected under the Endangered Species Act (ESA). The lack of information on resident trout 

adds to the underlying uncertainty of CCV O. mykiss populations and further complicates 

management of the species because both forms affect the species’ population dynamics, life-

history expression, and evolution. 

The uncertainty of CCV steelhead abundance and productivity is particularly problematic with 

respect to managing and regulating water operations of the Central Valley Project (CVP) and 

California State Water Project (SWP). For example, the National Environmental Policy Act 

(NEPA) and ESA consultation for the coordinated Long-Term Operation (LTO) of the CVP and 

SWP requires detailed assessment of effects to CCV O. mykiss populations. When estimates of 

CCV juvenile steelhead abundance range from as low as 94,000 (Good et al. 2005) to as high 

as 658,453 (Nobriga and Cadrett 2001), interpreting loss of steelhead at CVP and SWP water 

export facilities in context of the species population size can be challenging. For example, the 

average total loss of natural-origin steelhead (i.e., unclipped adipose fin) between 1998 and 

2017 was approximately 3,110 fish (NMFS 2019), which equates to 0.5% to 3.3% of the total 

population based on the estimates cited above. Thus, the proportional population-level effect of 

loss at the CVP and SWP water export facilities can vary by almost seven-fold depending on the 

population size estimate. Despite the uncertainty in CCV steelhead population status, the 

National Marine Fisheries Service (NMFS) is required to set current take limits of wild-origin 

juvenile steelhead for the CVP and SWP in a population context. As such, improving our ability 

to quantify O. mykiss population status, demographics, and vital rates, or generate an annual O. 

mykiss juvenile production estimate is critical to understanding the effects of water project 

operations on O. mykiss and to evaluating population-level responses to management actions 

designed to protect and recover the species. 

The Bureau of Reclamation (Reclamation), NMFS, the U.S. Fish and Wildlife Service (USFWS), 

and the California Department of Water Resources (CDWR) committed to advancing the state 

of O. mykiss science and the species’ monitoring network as part of the LTO of the CVP and 

SWP (NMFS 2019). Specifically, these agencies committed to developing a method for 

generating a CCV Steelhead juvenile production estimate (JPE), an annual forecast of the 

number of outmigrating natural-origin CCV Steelhead that enter the Sacramento-San Joaquin 

Delta (Delta) each year. The goal is to develop CCV Steelhead JPE for the San Joaquin and 

Sacramento River basins that can be used to evaluate loss at the CVP and SWP water export 

facilities in a population context. In addition, these agencies committed to accelerating O. 

mykiss research and monitoring to improve our understanding of how actions related to stream 
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flow enhancement, habitat restoration, and/or water export restrictions affect biological 

outcomes including juvenile and adult steelhead abundance, age structure, growth and 

smoltification rates, and anadromy and adaptive potential in Sacramento- and San Joaquin-

origin steelhead.  

The purpose of this science plan is to describe alternative methods for estimating a steelhead 

JPE and the research and monitoring needed to improve our understanding of factors that affect 

anadromy. The initial effort to develop a steelhead JPE will focus on fish originating from the 

Southern Sierra Nevada Diversity Group (Figure 1). An expanded effort to include the remaining 

Diversity Groups will be implemented by 2028. The first section of this plan describes several 

alternative approaches for calculating a steelhead JPE, identifies critical information needs for 

each approach, and summarizes the implementation timeline based on the 2023 LTO Proposed 

Action. The second section focuses on factors that affect anadromy and includes a suite of 

conceptual models (CM) to illustrate complex interactions between ecosystem dynamics and 

natural resource management on O. mykiss abundance, productivity, spatial structure, and 

diversity. In combination, this plan will provide the basis for informing research and monitoring 

needs to generate a steelhead JPE as well as track status and trends of O. mykiss populations 

and factors that may impact anadromy. 

Central Valley Steelhead Status and Diversity Groups  

The Central Valley Salmonid and Steelhead Diversity Groups include four regions composed of 

the major watersheds draining the California Central Valley. Current steelhead monitoring 

efforts are skewed towards watersheds in the Northern Sierra Nevada, and Basalt and Porous 

Lava Diversity Groups (Figure 1, Appendix A, Beakes et al. 2021). Although there are new 

monitoring efforts underway in the San Joaquin Basin and Southern Sierra Nevada Diversity 

Group, these programs have been developed and implemented independent of one another. 

Further, the data generated from these programs is often difficult to access by the public and/or 

is unavailable. As such, there is a clear need to develop a plan for coordinating O. mykiss 

research and monitoring in the Southern Sierra Nevada Diversity Group and integrating the data 

they generate (Beakes et al. 2021). 
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Figure 1: The science plan is focused on JPE methods, monitoring, and special studies 

in the Southern Sierra Nevada Diversity Group. 
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Juvenile Production Estimation Framework 

The 2020 Record of Decision on the LTO of the CVP and the SWP included a program to 

accelerate steelhead research and monitoring. Phase 1 of this program specifically called for 

steelhead research and monitoring actions to develop a JPE for steelhead-producing tributaries 

with CVP or SWP facilities. In this context, the JPE represents the estimated number of juvenile 

O. mykiss that outmigrate from natal tributaries and enter the Delta annually, which is likely a 

small fraction of the total juveniles produced each year because it excludes resident O. mykiss, 

the non-anadromous form of the species (i.e., rainbow trout).  

The primary goal of this effort is to develop a more biologically relevant JPE metric to consider 

as a replacement to the current steelhead loss metric used to reduce effects of Delta exports on 

steelhead populations. The current regulatory framework for limiting steelhead loss at the CVP 

and SWP water export facilities has been set to 90 percent of the greatest annual loss that 

occurred in the historical record from 2010 through 2018, which equates to approximately 3,000 

natural-origin CCV steelhead (NMFS 2019). The primary impetus for replacing the loss limit 

based on historical CVP and SWP salvage is the recognition that historical loss records have 

limited connection to Central Valley Steelhead population status, productivity, and the impact on 

life-history expression of future generations (i.e., adaptation through time based on fitness 

tradeoffs of anadromy vs. residency). The JPE is intended to incorporate measures of 

population size, frequency of anadromy, and annual smolt production.  

It is important to note that there is desire to have CCV steelhead loss limits that account for the 

fact that O. mykiss in the Central Valley comprise a diverse set of populations and Diversity 

Groups within the Central Valley Steelhead Distinct Population Segment (DPS), as well as 

steelhead from Nimbus Hatchery, which are not considered part of the DPS (NMFS 2019). 

Under the ESA, the CCV O. mykiss DPS is the unit listed as threatened and needing federal 

protection. In addition, hatchery operations have created a mosaic distribution of population 

genetic diversity in the Sacramento and San Joaquin basins (Pearse and Garza 2015). Thus, in 

order to better understand the impacts of water export operations on Central Valley steelhead 

populations, it will also be necessary to generate watershed specific JPEs and assess the 

potential for assigning O. mykiss that are being entrained by CVP and SWP water export 

facilities to Diversity Groups, or more generally to the Sacramento basin and San Joaquin basin. 

Water Year 2024 Steelhead Loss 

In water year 2024 (October 1st 2023 – September 30th, 2024), the CVP and SWP water export 

facilities in the Delta observed unusually high CCV steelhead loss. Loss limit at these water 

export facilities are separated into to two time periods: December 1st – March 31st, and April 1st 

– June 15th. The basis for the two time periods is that San Joaquin-origin steelhead are 

presumed to outmigrate later than Sacramento-origin steelhead based on monitoring data from 

Mossdale Trawl (NMFS 2019, IEP 2021). CCV steelhead were observed in such high numbers 

at the CVP and SWP salvage facilities such that the December-March CCV steelhead annual 

loss threshold was exceeded on February 21st, 2024, which was then quickly followed by an 

exceedance of the Incidental Take Limit on March 20th, 2024. High numbers of CCV steelhead 

continued to be salvaged in these facilities into April, and the April-June annual CCV steelhead 
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loss threshold was also exceeded on April 26th, 2024 before loss numbers started to decline in 

May. Relatively high loss of CCV steelhead continued to occur throughout the spring months of 

2024 despite unprecedented pumping restriction. Data from acoustically-tagged wild steelhead 

from 2024 suggested that San Joaquin-origin steelhead do outmigrate into the Delta prior to 

April, in contrast to historical monitoring data. However, as of now, we do not yet know what 

proportion of salvaged steelhead at the export facilities in 2024 originated from the San Joaquin 

basin. Without a JPE and a population context, it is unclear what these loss events mean for the 

persistence of CCV steelhead in the system or how it affects the various diversity groups.  It is 

also unknown, due to the diverse life history of O. mykiss, whether the loss event was due to a 

single productive year class or some environmental cue that triggered an outmigration of 

multiple year classes. The loss event in water year 2024 highlighted the urgent need for the 

development of a JPE, understanding of outmigration cues, and perhaps an interim alternative 

method for evaluating the impacts of CVP and SWP operations in the Delta (e.g., see Surrogate 

Approach section below).  

JPE in Concept 

Compared to other Pacific salmonids, O. mykiss exhibit considerable life-history diversity within 

and among distinct populations. Past studies have documented over 35 unique steelhead life-

history variants throughout watersheds in North America (Moore et al. 2014, Hodge et al. 2016). 

Much of the observed O. mykiss life-history diversity stems from variation in age at outmigration 

that can occur within the first year of life or several years afterward (Figure 2). The variation in 

age at outmigration presents an interesting challenge with respect to calculating an accurate 

JPE that is designed to inform annual water operations. Below we delve into more detail 

concerning JPE in concept and in practice.   
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Figure 2: Conceptual framework of O. mykiss life-stage transitions and estimation of 

cohort parr and smolt abundance (A) and hypothetical life-stage timing (B) at years one 

through three.   
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Table 1: A summary of the life stage, and life-stage transition parameters are summarized 
in table 1 through age 2+ production of parr and smolts. The transition parameters and 
definitions are the same for older age classes, but abundance estimates, and transition 
parameter values will differ between older and younger parr and smolts. 

Parameter Description 

Rdi Count of redds in brood year (i.e., spawning year) i 

Fei Fecundity of spawning fish in brood year i 

Ei Egg production in brood year i 

SEgi Egg to fry survival in brood year i 

Fri Fry production in brood year i 

SFri Survival probability of fry to age 0+ parr in brood year i 

Pri, j Age j parr produced from brood year i 

PSmi, j Probability of smolting by June in the given year for age j parr from brood year i 

Smi, j Age j smolts produced from brood year i 

SPri, j Probability of parr produced from brood year i surviving from age j to age j+1 

 

Using the framework described above for natural-origin O. mykiss, the expected life-time 

juvenile production for a single brood year (i) can be calculated following equation (1): 

𝐽𝑃𝐸𝑖 =  ∑ 𝑆𝑚𝑖,𝑗

𝑗=1

=   𝑆𝑚𝑖,1 + 𝑆𝑚𝑖,2 + 𝑆𝑚𝑖,3 + ⋯ + 𝑆𝑚𝑖,𝑛                                                                          (1)  

𝑛

Here we assume the juvenile production for a brood year (JPEi) is the sum of smolts entering 

the San Francisco Bay-Delta that were produced after the first year (i.e., age-1+ smolts, or 

Smi,1), and years 2 (Smi,1), 3 (Smi,3) or more (Smi,n) after spawning. The number of years O. 

mykiss can spend in freshwater as parr prior to outmigrating as a smolt or maturing subadult 

depends partly on their lifespan. A maximum age of up to fourteen years was recorded for 

populations in northern British Columbia (Moore et al. 2014), in which case a single brood year 

could hypothetically produce smolts over a decade after spawning. However, the lifespan of 

California O. mykiss populations is thought to be much shorter, where one study from the 

Klamath River reported a maximum age of seven (Hodge et al. 2016). As such, we can assume 

that the number of smolts produced by a single brood year will typically outmigrate between < 1 

to 4 years after emergence.    

A similar framework can be applied to estimate the expected juvenile production for spring in a 

single year y (JPEy) that includes offspring from multiple brood years. In this case the JPE 

calculation follows equation (2): 

𝐽𝑃𝐸𝑦 =  ∑ 𝑆𝑚𝑦−𝑗,𝑗 =   𝑆𝑚𝑦−1,1 + 𝑆𝑚𝑦−2,2 + ⋯ + 𝑆𝑚𝑦−𝑛,𝑛                                            (2) 

𝑛

𝑗=1

Here we assume the juvenile production estimate for the spring of a single year (JPEy) is the 

sum of age 1+ smolts from the most recent brood year and smolts produced from prior brood 

years that outmigrated at age 2+ or older. Although most steelhead in the Sacramento River 
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predominately smolt at age 2 (Hallock 1989), we assume that a single brood year can produce 

smolts between 1 to 4+ years after spawning. For example, the smolts produced in spring of 

2022 would be the sum of age 1+ smolts from BY 2021 (Sm2021, 1), age 2+ smolts from BY 2020 

(Sm2020, 2), age 3 smolts from BY 2019 (Sm2019, 3), and age 4 smolts from BY 2018 (Sm2018, 4). 

Note that the probability of smolting is relatively low for age 1+ and 4+ age classes, and thus 

likely represent a lower proportion of the total annual smolt outmigrants. 

JPE in Practice  

Resources managers are often required to strike a balance between utility and technical 

accuracy of the models used to manage complex species and systems. In almost all cases, a 

perfectly accurate model can’t be created to guide management even if it is desired. Put another 

way, “all models are wrong, but some are useful” (Box et al. 2005). It should be emphasized that 

the goal of this steelhead JPE effort is not to develop a technically perfect steelhead JPE, but 

rather generate a model and metric that is useful for steelhead management. The reason for 

this is because the annual JPE is likely composed of multiple age classes (i.e., offspring from 

multiple brood years), and thus the proportional contributions of each age class to the annual 

outmigration population must be calculated for the JPE to be technically accurate. However, it 

will likely be infeasible, or impractical, to monitor and estimate the abundance of all age classes 

and all Central Valley tributaries for the JPE. Therefore, it will likely be necessary to develop a 

JPE that is simplified, and less technically accurate, but still useful (i.e., biologically relevant) in 

management applications.  

For example, past research has reported up to 70% of outmigrating Sacramento River 

steelhead spent two years rearing in freshwater before entering the ocean (Hallock 1989), thus 

hypothetically outmigrating prior to June at age 2+ (Figure 2A, B). If this pattern is still true, and 

consistent among Central Valley tributaries, focusing the JPE on age 2+ individuals would 

represent a large proportion of the outmigration population and would be simplified and 

biologically relevant, but less accurate than an alternative JPE that incorporates younger and 

older age-class outmigrants.  

Similar tradeoffs exist with research and monitoring intensity and the JPE estimate precision 

and accuracy. Although the precision and accuracy of the JPE may increase as more data and 

information are collected, resources for research and monitoring are finite. As such, resource 

managers will have to evaluate tradeoffs in how much data to collect on each O. mykiss life 

stage because implementing complete life cycle monitoring programs in all Central Valley 

watershed will be cost prohibitive.  

To address these tradeoffs, several alternative approaches for calculating a JPE are described 

below. Each JPE approach relies on data from one or more life stages (e.g., adult, juvenile, 

etc.), and estimated life-stage transition probabilities (e.g., Figure 2A; SPri,j, PSmi,j), to calculate 

a JPE of age 2+ outmigrants. All JPE approaches focus on what is believed to be the dominant 

age class (i.e., age 2+, Hallock 1989). The JPE may need to be expanded to include age 1+ fish 

or older fish if they represent a substantial proportion (e.g., >5-10%) of the annual outmigrant 

population size. For example, Hallock (1989) reported that up to 29% of outmigrating 

Sacramento River steelhead spent one year rearing in freshwater before entering the ocean. 

However, it is worth noting that Hallock’s publication is over thirty years old and referenced 
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studies from the 1950’s. Current and future research and monitoring will need to provide 

empirical data on the proportion of the population composed of younger and older age classes 

that will enable resource managers to determine if basing the steelhead JPE on a single, 

dominant age class is appropriate.  

Adult Approach 

An annual steelhead JPE can be calculated based on the estimated number of reproductive 

adults and the estimated number of redds those fish are expected to produce. Here, the JPE 

calculation follows equation (3): 

𝐽𝑃𝐸̂𝑖+2 =  𝑅𝑑𝑖 ×  𝐹𝑒𝑖 × 𝑆𝐸𝑔𝑖 × 𝑆𝐹𝑟𝑖 × 𝑆𝑃𝑟𝑖,0 × (1 − 𝑃𝑆𝑚𝑖,1)  × 𝑆𝑃𝑟𝑖,1  ×  𝑃𝑆𝑚𝑖,2 × 𝑆𝑂𝑖,2     (3) 

This approach assumes the JPE will be primarily composed of age 2+ outmigrants, and thus we 

can use redd abundance estimates in the current year (Rdi) to estimate the JPE more than two 

years in advance (JPEi+3). The JPEi+3 equals the total number of redds (Rdi) times the average 

O. mykiss fecundity (Fei), egg-to-fry (SEgi) and fry-to-age 0+ parr survival probabilities (SFri) in 

that spawning year, which gives an estimated abundance of age 0+ parr (Pri,0) produced. 

Multiplying the estimated abundance of age 0+ parr (Pri,0) by the  the probability of remaining in 

freshwater at age 1+ (1- PSmi,1), survival probabilities to reach age 2+ (SPri,0, SPri,1), and 

probability of smolting at age 2+ (PSmi,2) and surviving outmigration (SOi,2) from the natal 

tributary yields the expected JPE approximately two years after spawning (JPEi,2). 

For example, the 2027 steelhead JPE can be calculated by equation 3 using: 1) an estimated 

redd production, female fecundity, egg-to fry and fry-to-age 0+ parr survival probabilities in 

2025, 2) the probability of  surviving from age 0+ to age 1+, which spans 2025 and 2026 (Figure 

2B), 3) the probability of remaining in freshwater and surviving from age 1+ to age 2+, which 

spans 2026 and 2027 (Figure 2B), and 4) the probability of  smolting at age two and surviving 

outmigration in 2027. 

The primary benefit of estimating a steelhead JPE based on adult O. mykiss monitoring is that 

the estimate can be produced several years in advance. As such, resource managers would 

have ample time to develop a water management strategy in response to years of relatively high 

or low juvenile steelhead production. However, estimating the JPE so far in advance will require 

multiplying a sequence of uncertain survival and outmigration probabilities. The results of this 

approach would provide a JPE with a likely large amount of error or uncertainty around the 

mean JPE estimate. The amount of error or uncertainty in the JPE will scale with the variability 

and uncertainty in the survival and outmigration probabilities and underlying adult O. mykiss 

monitoring data used to estimate it. Some of this uncertainty may be reduced by linking 

environmental factors to variation in life-stage transitions (e.g., survival, outmigration) if those 

factors are strongly correlated with observed variation in survival and outmigration probabilities. 

In other words, we may be able to inform and update the JPE estimates based on correlated 

environmental conditions rather than monitor subsequent O. mykiss life stages prior to 

outmigration. Note that environmental drivers of O. mykiss life stages and life-stage transitions 

are described in detail in the second section of this plan; “Factors Affecting Anadromy”. 
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Juvenile Approach 

An annual steelhead JPE can be calculated based on the estimated number of age 1+ juveniles 

rearing in natal tributaries. Here, the JPE calculation follows equation (4): 

𝐽𝑃𝐸̂𝑖+2 =  𝑃𝑟𝑖,1 × 𝑆𝑃𝑟𝑖,1  ×  𝑃𝑆𝑚𝑖,2 × 𝑆𝑂𝑖,2                                                                                                                        (4) 

Like the ‘Adult Approach’, this approach assumes the JPE will be primarily composed of age 2+ 

outmigrants, and thus we can use age 1+ parr abundance estimates in the current year (Pri,1), 

produced from brood year i, to estimate the JPE one year in advance (JPEi+2). The JPEi+3 

equals the total number of age 1+ parr (Pri,1) times the survival probability to reach age 2+ 

(SPri,1), the probability of smolting at age 2+ (PSmi,2), and surviving outmigration (SOi,2) from the 

natal tributary. This value yields the expected JPE approximately one year after generating the 

age 1+ parr estimate. This approach could be modified to similarly use the current abundance of 

age 0+ parr to predict JPE two years later. 

For example, the 2027 steelhead JPE can be calculated by equation 4 using: 1) an age 1+ parr 

estimate generated from monitoring data collected between the spring and summer of 2026 

(e.g., from brood year 2025; Figure 2B), and 2) the probability of surviving to age 2+ 

(spring/summer 2027), smolting at age 2+ (2027), and surviving outmigration in 2027. 

The primary benefit of estimating a steelhead JPE based on age 1+ O. mykiss monitoring is that 

the estimate will have less error and uncertainty associated with it compared to the JPE 

calculated using the ‘Adult Approach’. The reduction in error or uncertainty in the JPE is due to 

reducing the number of terms in the JPE equation and their associated uncertainty. Using this 

approach, resource managers would have a more precise JPE estimate available a year in 

advance to develop a water management strategy, but it will leave less time to respond to years 

of relatively high or low juvenile steelhead production. There will still likely be substantial error or 

uncertainty in the JPE produced using this method. Like the ‘Adult Approach’, the uncertainty 

will scale with the variability and uncertainty in the survival and outmigration probabilities and 

underlying age 1+ O. mykiss monitoring data used to estimate it. Similar to what is discuss 

above for the ‘Adult Approach’, some of this uncertainty may be reduced by linking 

environmental factors to variation in life-stage transitions (e.g., survival, outmigration). 

Stepwise Approach 

The previous two approaches to calculating a steelhead JPE are based on monitoring a single 

O. mykiss life stage. Both approaches have tradeoffs associated with the degree of JPE 

uncertainty and the amount of time resource managers will have to plan water operations and/or 

respond to years of high and low steelhead production. The relative consequence of this 

tradeoff can be attenuated with additional monitoring if sufficient resources are available. 

Specifically, a third ‘Stepwise Approach’ can be used to calculate an annual steelhead JPE that 

is initially based on the estimated number of reproductive adults and the estimated number of 

redds those fish are expected to produce, and subsequently updated using the estimated 

number of age 1+ juveniles rearing in natal tributaries one year after spawning. Here, the JPE 

calculation uses equations 3 and 4. 
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As described above, estimating the JPE so far in advance will require multiplying a sequence of 

uncertain survival and outmigration probabilities. The results of this approach would provide a 

JPE with a likely large amount of error or uncertainty around the mean JPE estimate. As such, 

subsequent monitoring of age 1+ parr will provide an opportunity to update the initial estimate. 

In addition, it may be possible to estimate the updated JPE in a Bayesian framework using the 

initial age-1+ parr estimate from the ‘Adult Approach’ as an informed prior, to be updated by 

subsequent estimates of age-1+ parr abundance from field surveys.   

There are several potential benefits of estimating a steelhead JPE using the ‘Stepwise 

Approach’ including: 1) two planning windows to provide managers with more time and 

information to consider alternative water operations scenarios, 2) the output from the ‘Adult 

Approach’ may be used to inform parr abundance estimates at a later date, and 3) this 

approach creates an opportunity to fully integrate adult and juvenile monitoring data (e.g., 

Conner et al. 2020) which may provide JPE estimates with greater certainty compared to the 

‘Adult’ or ‘Juvenile’ approaches alone. In other words, the initial JPE estimate can be produced 

several years in advance leaving resource managers ample time to develop a water 

management strategy in response to years of relatively high or low juvenile steelhead 

production. The updated JPE estimate will provide an opportunity to revise that strategy with a 

more precise JPE estimate, which is still available a year in advance. Although this approach 

appears to capture the benefits of the Adult and Juvenile approaches, it will come with an 

increase in resource costs for multiple life stage O. mykiss monitoring.  

Surrogate Approach 

In instances where the origin or exact numbers of Chinook salmon or steelhead cannot be 

estimated, uniquely marked hatchery-origin fish can be released at a similar time, location, and 

size as the natural-origin fish. These hatchery fish can then be used as surrogates to represent 

take of the ESA-listed natural-origin fish. For example, under the NMFS 2019 BiOp for the CVP 

and SWP, coded-wire-tags are placed in late-fall run juvenile Chinook salmon to evaluate take 

of yearling spring-run Chinook salmon, an ESA-listed run, at the water project export facilities in 

the Delta (NMFS 2019). In the absence of a JPE, hatchery CCV steelhead can be utilized in a 

similar manner where surrogate fish are released at both Sacramento and San Joaquin basins 

at the appropriate time and size. The number of tagged adipose-clipped steelhead at the Delta 

export facilities can then be evaluated from each basin to better understand proportional loss 

(see Table 2 as an example). This approach will not resolve the challenges of estimating 

juvenile steelhead loss in context with the population size, and it relies on the assumption that 

hatchery-origin fish survive at similar rates and behave in similar ways to natural-origin fish. 

However, it can be a cost-efficient approach for estimating proportional loss at the Delta export 

facilities on an annual basis. It is also worth noting that this approach may be a necessary step 

in the formation of JPE due to the low abundance of natural-origin fish, which has led to a 

common reliance on coded-wire-tagged or acoustically tagged hatchery-origin fish to assess 

monitoring gear efficiency and migration of other ESA-listed salmonids.  
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Table 2: Annual loss of clipped juvenile steelhead at the salvage facilities and total 
hatchery juvenile steelhead release numbers for brood years 2016 to 2022. From 2016 
to 2023, average annual % lost to the facilities was 0.160%. Note that release locations 
and dates, which vary by year, were not considered for this calculation. Hatchery 
release numbers were acquired from: CDFW hatchery releases- Calfish.org and 
USFWS hatchery releases data provided by Kevin Offill, 3/13/2024. Water facility loss 
data acquired from: SacPAS and reflects Water Year 2017 – 2022. 

Brood 
Year 

Total 
Hatchery 
Steelhead 
Release 
Number 

(Brood Year) 

Loss of 
clipped 

steelhead at 
the facilities 

(Water 
Year) 

% Total 
Hatchery 
Number 

Lost to the 
Facilities 

Water 
Year 

2016 1,019,501 164.29 0.016 2017 

2017 811,379 2,462.90 0.304 2018 

2018 1,264,939 5,777.70 0.457 2019 

2019 1,084,899 659.44 0.061 2020 

2020 1,853,751 341.69 0.018 2021 

2021 1,676,701 639.79 0.038 2022 

2022 1,623,483 3,650.30 0.225 2023 

Simulated JPE Example 

Here, a simulation of mock data is used to illustrate the how uncertainty may differ between the 

‘Adult’ vs. ‘Juvenile’ JPE approaches. With the exception to preliminary data on egg to fry 

survival (Zeug et al. 2024), probabilities of life stage transitions included in each JPE calculation 

are largely unknown in the Stanislaus River and elsewhere in the California Central Valley. 

Therefore, a literature search was conducted for surrogate numbers to include in this simulation 

(Table 3). Information on steelhead residency and survival between age 1+ and age 2+ were 

not unavailable, so estimates from Atlantic Salmon, which exhibit similarly diverse life-history 

traits, were used as a surrogate (Cunjak et al. 1998; Table 3). Published mean and standard 

error or a matrix of numbers were used to obtain the mean and standard deviation estimates for 

each life-stage transition parameter. These parameters were then used to generate a lognormal 

distribution of 1000 estimates for each parameter using functions built within R Statistical 

Software (v4.3.1; R Core Team 2023). 

Table 3: Summary of surrogate parameters found in the literature and used in JPE 
calculations 

Parameter Mean Stan. Dev. Source 

Fecundity 4,170 1,540 Hodge et al. 2016 

Egg to Fry Survival 0.34 0.17 Zeug et al. 2024 

Fry to Parr Survival 0.26 0.11 Baxter 1997 

Parr to 1+ Survive and Remain 0.33 0.20 Cunjack et al. 1998 

1+ to 2+ Survive and Remain 0.34 0.09 Cunjack et al. 1998 

2+ to smolt survival 0.13 0.06 Cunjack et al. 1998 

 

https://www.calfish.org/ProgramsData/ConservationandManagement/CentralValleyMonitoring/SacramentoValleyTributaryMonitoring/FeatherRiverFishHatchery.aspx
https://www.cbr.washington.edu/sacramento/data/query_loss_detail.html
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In order to estimate a JPE from the fecundity and probability estimates between each life stage, 

a starting number of 1000 redds was chosen. Using this starting number, 200 simulations were 

first run to estimate a matrix of juvenile abundance estimates by randomly drawing estimates 

from the parameter distributions and multiplying redd number by fecundity, egg-to-fry survival, 

fry-to-parr survival, and parr to age 1+ survival respectively. For the adult approach, each 

estimate from the juvenile abundance matrix was multiplied by a randomly selected estimate 

within the parameter distributions for probability of age 1+ to 2+ survival and age 2+ to smolt 

survival respectively resulting in 200 JPEs. For the juvenile approach, the 200 simulations were 

run once again where the median of the juvenile abundance matrix was multiplied by a 

randomly selected estimate within the parameter distributions for probability of age 1+ to 2+ 

survival and age 2+ to smolt survival respectively resulting in 200 JPEs. Finally, the data was 

visualized in a box and density plots to illustrate the variation between the two methods using R 

Statistical Software (v4.3.1; R Core Team 2023; Figure 3). 

 

Figure 3: Boxplot (top) and density curve (bottom) summarizing results from 200 
simulations of each JPE calculations method. 

As expected, there is increased variation in the adult approach compared to the juvenile 

approach (Figure 3). For the ‘Adult Approach’, estimates ranged from 86 to 26,852 individuals, 

with 25%, 50%, and 75% quantiles between 1,295, 2,505, and 5,341 individuals respectively. In 

contrast, estimates from the ‘Juvenile Approach’ approximately ranged from 855 and 9,729 

individuals, with 25%, 50%, and 75% quantiles between 1,912, 2,630, and 2,939 individuals 

respectively. 
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Accounting of Steelhead Loss 

Historically, CVP and SWP loss limits of natural origin CCV Steelhead have been designed to 

protect populations with unique traits. For example, the NMFS 2019 BiOp on continued 

operation of the CVP and SWP (NMFS 2019) split steelhead loss limits between two time 

periods (i.e., December-March and April 1-June 15) to protect San Joaquin origin fish that are 

hypothesized to outmigrate later in the year compared to Sacramento origin fish. Although this 

hypothesis has not been formally tested, it is certainly possible that steelhead outmigration 

timing, and other traits, do indeed differ across populations in Central Valley watersheds. As 

such, it may be necessary to track the natal origin of fish that are observed at CVP and SWP 

facilities if regulatory agencies want to apply population-specific protections (e.g., Sacramento 

and San Joaquin basin populations).  

Reclamation executed an Interagency Agreement with the National Marine Fisheries Service in 

2023 focused on genetic monitoring of wild-origin juvenile steelhead collected at state and 

federal salvage facilities. The primary goals of this agreement are to: 1) improve the genetic 

baseline to enable stock (i.e., population) identification and natal origin of Sacramento and San 

Joaquin basin steelhead, 2) analyze archived genetic samples of steelhead collected at CVP 

and SWP facilities and quantify the proportion of fish assigned to Sacramento and San Joaquin 

basins and their tributaries, 3) evaluate differences in timing of sample collection between 

Sacramento and San Joaquin origin steelhead and associate differences with targeted adaptive 

genomic variants, and 4) analyze genetic samples of steelhead collected at CVP and SWP 

facilities in water years 2024-2026, which should provide annual data/estimates of steelhead 

abundance originating from the Sacramento and San Joaquin basins and possibly their 

tributaries. 

The primary approach of the monitoring under the Interagency Agreement will be to conduct a 

genetic analysis to assess the potential for using genetic stock identification to assign O. mykiss 

entrained by the Delta salvage facilities to Diversity Groups, or more generally to Sacramento 

basin and San Joaquin basin ‘reporting groups’. All analyses will use probabilistic assignments 

of estimated stock proportions to Diversity Group (Reporting Group) and will assess the 

accuracy of individual assignment to specific populations. In addition, microhaplotype markers 

will be genotyped to target known adaptive genetic variants associated with important migratory 

life-history variation in O. mykiss (e.g., Omy05, Greb1L, Six6: Le Gall et al. 2023; Goetz et al. 

2024; Pearse et al. 2019; Waples et al. 2022; Waters et al. 2021). Results will illustrate the 

potential for genotyping to inform weekly water export management based on results across 

years. 

JPE Framework Implementation 

Reclamation proposes to develop a steelhead JPE for tributaries with CVP facilities that will 

focus on the annual production of outmigrating juvenile steelhead. Data used in the JPE will 

inform the status and trends of Sacramento and San Joaquin basin steelhead and may also 

help inform actions that will increase steelhead abundance and improve steelhead survival 

through the Delta. Reclamation and CDWR, in coordination with USFWS, NMFS, and California 

Department of Fish and Wildlife (CDFW), will create or use an existing technical team to use the 

Southern Sierra Nevada Diversity Group Steelhead Science Plan, which describes the JPE 
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framework, to identify infrastructure and monitoring needs in tributaries with CVP or SWP 

facilities and a method for expanding the JPE framework from the tributary to basin levels.  

Reclamation and CDWR propose to conduct the first four-year independent panel review (2024) 

from data generated from the Stanislaus River steelhead life cycle monitoring program (Table 

4). Reclamation and CDWR anticipate the independent panel will provide feedback on the 

scientific merits of the JPE framework and recommendations for improving the JPE framework. 

Reclamation and CDWR will work with a new or existing technical team to incorporate review 

panel feedback and recommendations on the JPE framework, as appropriate.  

Beginning Fall 2025 and based upon incorporated 2024 review panel feedback and 

recommendations, Reclamation and CDWR will work with the technical team to consider 

implementing an expanded JPE framework to the San Joaquin and Sacramento basins. By 

summer 2026, Reclamation and CDWR will decide to address deficiencies in the JPE 

framework and/or expand the JPE framework to remaining CVP or SWP tributaries.  

Reclamation and CDWR propose to conduct the second four-year independent panel review 

(2028) from data generated from the San Joaquin and Sacramento basins JPE. Reclamation 

and CDWR anticipate the independent panel will provide further feedback on the scientific 

merits of the JPE framework and further recommendations for improving the JPE framework. 

Reclamation and CDWR will work with the technical team to incorporate review panel feedback 

and recommendations on the JPE framework, as appropriate.  
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Table 4: Stanislaus life cycle monitoring, focal parameters, methods, and organization 

lead. 

Input Description Methods 

Contributing 

Organizations  

Monitoring 

Years 

Rd 

Redd 

number & 

spawner 

number  

Spawner Surveys 

Weir Passage 

Close-kin mark-recapture 

CDFW 

FISHBIO 

Cramer Fish 

Sciences 

2020 – Present 

Fe Fecundity  

Weir Passage  

VAKI River Watcher 

Hook-and-line sampling 

FISHBIO 2021 – Present 

SEg 
Egg to fry 

survival 
Egg-basket study 

Cramer Fish 

Sciences 
2021, 2022 

Fr 
Fry 

production  

Seining 

Electrofishing 

Cramer Fish 

Sciences 
2020 - Present 

SFr 
Fry to parr 

survival 

PIT tag mark recapture 

Close-kin mark recapture 

Cramer Fish 

Sciences 
2020 - Present 

Pr 
Parr 

produced 

Seining 

Electrofishing 

Hook-and-line fishing 

PIT tag mark recapture 

Close-kin mark recapture 

Cramer Fish 

Sciences 
2020 - Present 

SPr 

Parr 

survival 

probability 

PIT tag mark recapture 

Close-kin mark recapture 

Cramer Fish 

Sciences 
2020 - Present 

PSm 
Probability 

of smolting  

PIT tag stationary antenna 

Acoustic tagging and 

tracking 

Cramer Fish 

Sciences 

NMFS/UCSC/USFW

S 

2020 – Present 

2022 - Present 

O 
Outmigrants 

produced 

Rotary Screw Traps 

PIT tag stationary antenna 

Acoustic tagging and 

tracking 

FISHBIO/PSMFC 

Cramer Fish 

Sciences 

NMFS/UCSC/USFW

S 

1998 - Present 

2020 – Present 

2022 - Present 

SO 
Outmigratio

n survival 

PIT tag stationary antenna 

Acoustic tagging and 

tracking 

Cramer Fish 

Sciences 

NMFS/UCSC/USFW

S 

2020 – Present 

2022 - Present 

 

Value of Information 

This plan will allow for an iterative evaluation process of the monitoring tools and assessment 

metrics needed to assess O. mykiss and create opportunities to: 1) engage decision makers to 
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reassess management goals and priorities, 2) reassess and update current steelhead biology 

conceptual models and hypotheses, 3) reassess core monitoring needs and special studies, 4) 

identify persistent or new knowledge gaps, and 5) identify and adopt new technologies and 

techniques in the suite of monitoring tools and assessment metrics described below. The 

monitoring tools and assessment metrics identified in this plan are based on tradeoffs in 

monitoring needs relative to management goals and priorities (e.g., 2019 Biological Opinion or 

ESA recovery) and O. mykiss biology (e.g., annual recruitment or life-history evolution). New 

monitoring alternatives may emerge through periodic review of management goals and 

priorities, improved understanding of O. mykiss biology, revised monitoring needs and new 

directed research based on persistent or new knowledge gaps, and the development and 

integration of new technology and techniques. 

Monitoring alone does not lead to better conservation or management outcomes. Effective 

monitoring involves the assessment of management actions and adjustment to these actions or 

decisions as new information becomes available. However, status and trends (i.e., foundational) 

monitoring are not likely to provide all the necessary information to understand every linkage 

between management decisions and the viable salmonid population (VSP) parameters (see 

Conceptual Models). Special studies tackling specific hypotheses as we outlined below may be 

required to address the uncertainties regarding the JPE. We recommend the use of structured 

decision-making process and decision tools, such as Value of Information analysis, to provide 

quantitative values for new studies (Canessa et al. 2015). As any new study will come at a cost, 

the benefit of reducing uncertainty would need to be considered against this cost and the 

management decision that uncertainty is affecting. Under this framework, there is no benefit to 

investing in monitoring and research if the results won’t influence management decisions. At its 

core, Value of Information analysis involves a quantitative assessment of the current state of 

knowledge, the quality of information to be collected with the new study, and the management 

outcomes we expect to change as a result of what is learned from monitoring and research.  
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Factors Affecting Anadromy 

Historical and Contemporary O. mykiss monitoring 

Several efforts to characterize historical and ongoing O. mykiss monitoring programs in the CCV 

have been completed over the last two decades. Eilers (2010) identified a suite of monitoring 

programs generating data on O. mykiss, but determined that monitoring was not standardized, 

often designed for Chinook salmon (Oncorhynchus tshawytscha) populations, and inadequate 

for assessing population viability (Lindley et al. 2007). Specifically, a total 63 O. mykiss 

monitoring programs were identified during the review, but only eight projects were reported to 

monitor O. mykiss with meaningful confidence, and none could generate abundance or 

production estimates for juvenile O. mykiss. As a result, the Central Valley Steelhead (O. 

mykiss) Monitoring Plan was developed to identify actions needed to provide population data for 

the assessment of steelhead recovery (Eilers et al. 2010).  

A few years after the completion of the Central Valley Steelhead Monitoring Plan, a series of 

related monitoring projects, identified as the Central Valley Steelhead Monitoring Program 

(CVSMP), were initiated on the Sacramento River and its tributaries (Fortier et al. 2014). These 

projects include the mainstem Sacramento River mark-recapture project, Sacramento River 

tributary mark-recapture monitoring, upper Sacramento River tributary escapement monitoring, 

and hatchery broodstock and angler harvest sampling. In addition, some population monitoring 

projects in priority streams outside of the CVSMP were expanded to encompass the entire O. 

mykiss immigration and spawning period.  

In the fall of 2020, a group of state and federal scientists initiated a follow-up review from Eilers 

2010 (Beakes et al. 2021). This effort enabled the team to characterize new and existing O. 

mykiss monitoring in Sacramento and San Joaquin tributaries, including data compilation from 

Central Valley hatchery programs. The majority of the new research and monitoring effort stems 

from the initiatives outlined in the CVSMP in addition to several programs that have been 

implemented or planned in the Calaveras and Stanislaus rivers. A compilation of past and 

recent CCV O. mykiss monitoring efforts organized by the National Oceanic Atmospheric 

Administration (NOAA) Diversity Group and regions for the mainstem Sacramento River is 

described in Appendix A of Beakes et al. (2021). 

Program Integration 

Some existing Central Valley salmonid monitoring programs within or near the Southern Sierra 

Nevada Diversity Stratum may integrate well with this science plan. For example, the CVSMP 

program utilizes a variety of methods including large wire fyke traps, rotary screw traps (RST), 

Passive Integrated Transponder (PIT) tag arrays, acoustic telemetry monitoring, resistance 

board weirs, and hook-and-line sampling with the goal of establishing Sacramento River basin-

wide adult abundance estimates for wild and hatchery origin O. mykiss (Fortier et al. 2014). 

However, full implementation of the science plan will include expansion into the San Joaquin 

River. By leveraging the existing tools and infrastructure, including PIT tag and acoustic 

telemetry arrays, the exchange of information across geographic areas will improve our 

understanding of O. mykiss survival and behavior. It may also be possible to incorporate some 
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monitoring efforts from the San Joaquin River Restoration Program (SJRRP), as pilot scale PIT 

array and acoustic telemetry projects for juvenile Chinook salmon have already been performed 

as part of the SJRRP (SJRRP 2013). Other existing programs that may integrate with the 

science plan include the Delta Juvenile Fish Monitoring Program (DJFMP), which monitors the 

annual timing, distribution, and relative abundance of juvenile salmonids in the lower 

Sacramento and San Joaquin rivers, Delta, and San Francisco Bay (McKenzie 2019). 

Knowledge Gaps 

As stated in the 2021 NOAA Fisheries’ Southwest Fisheries Science Center Viability Report, 

one of the greatest challenges in managing for resilient steelhead populations in our regulated 

rivers lies in understanding how water management and related changes to habitats and 

ecosystems promote, maintain, or suppress the expression and survival of the anadromous life 

history form of O. mykiss. It is clear that some river habitats support almost exclusively resident 

populations, while others support the expression of anadromy (Satterthwaite et al. 2010). In the 

San Joaquin River tributaries specifically, there is great uncertainty in the extent to which the 

production of anadromous juveniles from tributaries is low and/or whether mortality of juvenile 

steelhead is so high during outmigration that it is selecting against anadromy and driving 

populations towards residency. Recent work has increased our understanding of the genetic 

basis and maintenance of anadromy in O. mykiss populations, which warrants consideration in 

managing for the anadromous life history for the species (Pearse et al. 2019). More studies are 

needed to understand the extent to which genes associated with the heritable components of 

anadromy could be lost from populations with low steelhead numbers, thus placing them at a 

greater risk of extinction (NMFS 2014; Ellrott et al. 2021). 

2021 Steelhead Workshop 

Participants in the “Monitoring steelhead populations in the San Joaquin Basin” workshop, held 

in February 2021 specified knowledge gaps associated with management challenges, a 

monitoring framework and analytical approaches in three breakout discussion sessions. For 

example, in the management challenges breakout discussion sessions, participants felt that 

management needs and potential decisions must be made clear in order to appropriately tailor 

sampling methods, and to understand what level of “messy-ness” in the data is acceptable. 

Further, there were logistical difficulties emphasized; there is a need to address how monitoring 

programs can gain access to private land, design permits for both anadromous and resident O. 

mykiss, approach small populations, and manage the mismatch in timelines between when data 

is collected and when it is needed to evaluate risk. The need for consistency and coordination 

was seen as relevant to both addressing management needs and in designing a monitoring 

framework. In addition to basin-wide coordination and standardization in a monitoring 

framework, workshop participants spotlighted the need for the development of a life cycle model 

and a centralized data repository with access to historical data, as well as more information on 

age structure, adult abundance, juvenile outmigration, the resident contribution to the 

anadromous spawner population, limiting environmental factors (e.g., mortality bottlenecks and 

thermal tolerance), and efficiency estimates able to translate catch to abundance.  
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The workshop participant’s perspective on knowledge gaps associated with analytical 

approaches called for: 

• the establishment of benchmarks and clear goals that incorporate governance structure, 

funding, decision makers and legal authority (e.g., communication tools, interagency 

partnerships, clearly defined production and risk to CVP/SWP thresholds in recovery 

plans, and an adaptive framework with achievable and focused questions),  

• a synthesis of our current understanding of status and trends in adult spawning 

populations, juvenile production, and rates of anadromy  

• the reduction of uncertainties through hypothesis development and conceptual models,  

• enhancement of current monitoring, and  

• data prioritization criteria.  

Specific uncertainties included: adult spawning population abundance, drivers of anadromy, 

juvenile production in NMFS’ core watersheds (e.g., outmigration population and smolt survival 

thresholds), the spatial distribution of juveniles and effort estimates. Recommended 

enhancements to the current monitoring framework involved monitoring on the Merced and 

Tuolumne Rivers (e.g., Core 1 & 2 populations), monitoring that evaluates restoration and 

Federal Energy Regulatory Commission (FERC) relicensing, enhancements to the Mossdale 

trawl, the addition of mark-recapture studies, estimates associated with ocean conditions and 

predation, coordination between O. mykiss and spring-run Chinook salmon monitoring 

programs, the coordinated collection of temporally balanced genetics, scale and otolith samples 

for life history studies and the integration of emerging technologies (e.g., eDNA, Vaki cameras, 

acoustic telemetry, and Passive Integrated Transponder tags).  

Prioritization criteria for San Joaquin basin O. mykiss data incorporated the use of model 

sensitivity to determine data needs (e.g., delineate biological understanding and regulatory 

value), evaluating the feasibility and constraints of determining abundance at key locations and 

life stages, quantifying diversity over space and time, assessing how best to leverage multiple 

datasets (e.g., otoliths and scales) and exploring the use of legal mandates to set priorities 

(FERC relicensing vs. Core 1 & 2). For more detail see Goertler et al. 2021.  

O. mykiss Life Cycle and Conceptual Models 

Conceptual models (CMs) were developed to inform a monitoring and research program to 

support development of a steelhead JPE and improve our understanding of factors affecting 

anadromy. Consideration of the VSP parameters is included in the CMs below by representing 

the O. mykiss life cycle with probable application to a variety of management priorities, research 

opportunities and recovery goals that are important to those managing O. mykiss throughout the 

California Central Valley. The CMs also address needs identified by the “Monitoring steelhead 

populations in the San Joaquin Basin” workshop, held in February 2021 (e.g., a reduction of 

uncertainties through hypothesis development and conceptual models). 

The CMs developed for this science plan are structured similar to CMs developed for the 

Interagency Ecological Program Delta Smelt Management, Analysis, and Synthesis Team (IEP 

MAST 2015, Baxter et al. 2015) and Salmon and Sturgeon Analysis of Indicators by Life stage 



 

30 
 

or SAIL (Windell et al. 2017). Like SAIL, the goal was to develop CMs in a consistent and 

familiar way to facilitate communication and use in California Central Valley watershed science 

and decision making (IEP MAST 2015, Windell et al. 2017). The O. mykiss life cycle is divided 

into six CMs by life stage and an additional CM describing life history expression for the 

resident/migratory strategies (Figure 4). Each CM represents a life stage that can be monitored 

to develop parameters necessary to support JPE development and estimation. Transitions 

between and within life stages, when stages may last multiple years, are represented by 

demographic rates (survival, life history expression, etc.) and can also be monitored to evaluate 

mechanisms influencing life stage abundances. Similar to the Management, Analysis, and 

Synthesis Team (MAST) and SAIL CMs, CMs represent each life stage, where arrows link key 

processes, management actions or metrics to VSP outcomes through effects pathways across 

different ‘tiers’ of organization. Hypotheses for linkages within tier three are denoted by ‘H’ and 

subscript hypothesis numbers. Similar to SAIL, ‘H’ number does not denote priority nor does 

arrow color imply significance nor direction (positive or negative). 

 

Figure 4: Depiction of the O. mykiss life cycle by life stage domains developed into 

conceptual models. All boxes represent a stage for which monitoring and directed studies 

can be implemented to develop parameters necessary to support JPE development and 

estimation. The arrows represent transition rates (e.g., survival, life history expression) to 

the next stage. Stages that may last multiple years include a circular arrow, which 

represents survival within that stage. The conceptual model for life history expression was 

omitted in the figure (Figure 4) but is represented by the transition of juvenile rearing to 

either smolt outmigration (migratory strategy) or spawning adults (resident strategy). 

Life Stages. The steelhead monitoring plan CMs focus on the following life stages:  

• Spawning  

• Egg-to-fry emergence 

• Rearing  
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• Life-history expression 

• Outmigration 

• Ocean residence  

• Returning adults 

Geographic Scope. Unlike the MAST and SAIL CMs, these CMs are generalized to ensure 

they are applicable across tributaries within the Southern Sierra Nevada Diversity Group and 

San Francisco Bay-Delta (Fig 1).  

Hierarchical Tiers. Each CM includes the following four tiers. The organizational ‘tiers’ within 

the CMs described below differ from those in MAST and SAIL. Tiers range from large-scale 

ecosystem processes and system states (tier 4), that are largely out of anthropogenic control, to 

desired population responses in the form of NMFS VSP criteria (tier 1). In between are tiers 

encompassing a management focus (tier 3) and ecological or biological states (tier 2) that have 

Specific, Measurable, Achievable, Relevant and Time-Bound metrics (SMART). Thus, the CMs 

are shaped like ‘hourglasses’, where concepts are broad on each end with increasing nuance 

and complexity towards the center. 

• Tier 1 - Large-Scale Processes. Ecosystem processes and system states such as 

regional climate, and the underlying geomorphology of the California Central Valley that 

can have profound impacts on ecosystem dynamics and our ability to manage natural 

resources.  

• Tier 2 - Management Actions. Management actions primarily related to hatchery 

operations, habitat restoration, water operations, and fishing regulation that can 

influence O. mykiss in a significant manner.  

• Tier 3 - SMART Metrics. Measurable ecosystem and biological characteristics that are 

hypothesized to impact key O. mykiss life stages and life-stage transitions.   

• Tier 4 - Population Response. NMFS VSP criteria  

Factors in Tiers 1 and 2 do not represent every possible environmental or management factor 

that impacts O. mykiss, as CMs are a simplified depictions of  complex issues. Further there are 

four assumptions concerning factors within Tiers 1 and 2, which span all CMs, described in 

greater detail below. 

• Climate controls weather, which has a direct impact on reservoir (e.g., storage and water 

temperature) and in-river conditions (e.g., flow, turbidity, temperature).   

• Contaminants are both naturally and anthropogenically occurring and have accumulated 

through decades of anthropogenic disturbance (e.g., gold mining, agriculture 

development). These contaminants can impact in-river conditions that subsequently 

impact habitat quality and quantity.  

• Geologic history and the resulting topography set the physical template that controls how 

water flows over the California landscape. Further, the geomorphic template controls the 

potential for what habitat a system can provide. In other words, we realistically lack the 

capacity to transform the fundamentally characteristics of river systems (e.g., low 

gradient rivers, to headwaters).  
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• River discharge and water quality are directly impacted by both water operations and in-

river conditions. We assume river discharge, water quality, and habitat restoration 

actions directly affect habitat quality and quantity.  

Spawning 

Biology of Life Stage. Spawning and rearing habitat for steelhead is usually characterized as 

perennial streams with clear, cool to cold, fast flowing water with a high dissolved oxygen 

content and abundant gravels and riffles. Steelhead use various mixtures of sand-gravel and 

gravel-cobble substrate for spawning, but optimal spawning substrate reportedly ranges from 

6.4 to 101.6 mm in diameter (Reiser and Bjornn 1979). Optimal conditions for steelhead 

spawning reportedly occur at water temperatures 11°C (Reiser and Bjornn 1979; SWRCB 

2003). Steelhead spawning generally occurs from December through April, with peaks from 

January through March, in small streams and tributaries (NMFS 2009).  

Unlike salmon, trout can survive the rigors of spawning and spawn again, a life history pattern 

termed iteroparity (as in iterative reproduction; Quinn 2005). Steelhead fecundity is high, 

averaging 4,923 eggs per female compared to 1,648 to 3,654 eggs for smaller-sized salmon 

(pink, chum and sockeye salmon; Table 15-1 in Quinn 2005). Iteroparity is thought to confer 

productivity benefits to the population due to the high fecundity. Adult steelhead that attempt to 

spawn again are termed kelts. These fish migrate to the ocean as adults, feed and rebuild their 

energy stores, and undertake a second (or third) spawning migration into freshwater and their 

natal stream to spawn. Literature suggests that repeat spawning is more common in females 

than males (Quinn 2005). However, scale ageing and analysis work conducted on natural and 

hatchery origin steelhead scales collected from Central Valley hatcheries suggest that 

iteroparity is more common in males than females (CDFW Central Valley Tissue Archive, 

unpublished data). Regardless, Moyle (2002) indicated it is rare for steelhead in California to 

spawn more than twice before dying. 

Hypotheses of factors impacting spawning adult O. mykiss 

H1: Life-history mixing 

H2: Age and size structure 

H3: Return timing 

H4: Habitat quality and quantity 

H5: Competition 

H6: Survival 

Kendall et al. (2015) found that anadromy and residency reflect interactions among genetics, 

individual condition, and environmental influences throughout various life stages. Various 

aspects of spawning habitat can therefore drive life history expression and mixing (H1; Figure 5), 

which would in turn affect the diversity, abundance, productivity, and spatial structure of a 

population. There is some indication that residency is more common under conditions of cool, 

dependable flows during summer, such as conditions found in reaches downstream of large 

storage reservoirs (Cramer and Beamesderfer 2006, Satterthwaite et al. 2010) (H1, H8; Figure 

5). Resident females also prefer smaller spawning substrate than their anadromous 

counterparts. Meanwhile, anadromous O. mykiss is more common in warmer streams, streams 
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that have more variability in flow, and with deeper channels (Kendall et al. 2015). Competition 

for food and space can reduce growth and survival of individuals in a population. Increased 

competition thus has been hypothesized to drive higher rates of anadromy in a population 

(Kendall et al. 2015) (H1, H5; Figure 5). However, density in a population may also be simply 

reflecting the life history expressed by fish in said population.   

Hatchery operations are prevalent throughout California, including within the Southern Sierra 

Nevada Diversity Group geographic boundaries. Hatcheries can have various significant 

impacts on O. mykiss populations, including the interactions between the two life history types. 

Hatchery fish are generally associated with higher straying rates and release locations outside 

of natal streams have been shown to further increase straying (Westley et al. 2013; H1 and H2; 

Figure 5). Unlike wild steelhead, hatchery O. mykiss are also often reared on an accelerated 

growth regime and/or unintentionally select for a particular life history trait (McLean et al. 2005, 

Tatara et al. 2019), resulting in changes to age and size structure of the species (H2; Figure 5). 

Because anadromous and resident life history types are partially determined by genetics, 

hatcheries can also influence life history mixing through stock selection. For example, it has 

been posited that above-barrier populations may have been subject to strong selection against 

anadromy (Lindley et al. 2006). Large releases of rapidly grown hatchery fish can also create 

competitive imbalances between natural and hatchery stocks. Downstream releases of hatchery 

fish can artificially increase the survival of hatchery fish into adulthood, leading to higher 

competition in spawning grounds (Sturrock et al. 2019; H3, Figure 5). However, the presence of 

hatchery fish may help sustain O. mykiss populations during periods of low recruitment, though 

possibly at the cost of masking declines in natural stocks (Johnson et al. 2012).   

Water diversions and discharge can also have a sizable influence on the return timing and 

habitat of spawning O. mykiss. Depending on the magnitude, water diversions can affect route 

selection of returning adults, their stray rates, and in effect, the timing of their arrival to spawning 

habitat (H3; Figure 5). Suboptimal return time for spawning O. mykiss can reduce the 

abundance and productivity of the population. The return and reproductive timing of fish would 

also help determine their post-spawning survival (H3, H6, Figure 5). Depending on conditions in 

a year, early- or late-spawners may be more or less reproductively successful and/or survive 

spawning. Meanwhile, flow has been shown to generally affect the upstream migration of 

salmon (Keefer et al. 2008) and appears to also influence migration timing of steelhead in the 

Columbia River system (Robards and Quinn 2002). It is likely that timing and amount of 

discharge in San Joaquin tributaries would also affect the upstream migration and therefore 

return timing of steelhead in the Southern Sierra Nevada Diversity Group (H3, Figure 5). Water 

releases from reservoirs upstream would also determine when and how much spawning habitat 

will be available for adult O. mykiss, as low flow conditions can lead to dewatering of potential 

redds (H4, Figure 5). 

In addition to flow, spawning habitat is also determined by in-river water quality. Water 

temperature and dissolved oxygen level can highly influence survival and success of spawning 

O. mykiss (H4, H6, Figure 5). High water temperature can increase spawning adult fish 

susceptibility to diseases and truncate the spawning temperature window each year. 

Meanwhile, low dissolved oxygen levels can reduce fitness in spawning adults and may even 

lead to fish kills when levels are exceedingly low. The constructions of dams have also led to 
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the disruption of gravel supply important for O. mykiss spawning. Restoration or augmentation 

of suitable gravels for spawning habitat should lead to higher productivity given that other needs 

are met (temperature, depth, etc.). Habitat quality and quantity also influences the availability of 

food resources (both quantity and quality), which influences the somatic growth and survival of 

adults, especially the resident form of O. mykiss. Additionally, restoration of access to above 

dam habitat increases the carrying capacity of a tributary, which can reduce overall competition, 

especially during years of high productivity. Because spawning habitat is finite, increased 

intraspecific competition for limited resources (food, territory/space, spawning opportunities) 

would likely lead to reduced abundance and productivity (H4, H5, H6; Figure 5).   

Lastly, the survival of O. mykiss before and after spawning within the spawning grounds (H6; 

Figure 5) is directly affected by the level of in-river recreational fisheries. Impact of recreational 

fisheries is managed through regulations, which often come in the forms of fish size limits for 

harvest, seasonal closures, gear type restrictions, and/or daily maximum for number of fish kept 

per angler. In California’s Central Valley, harvest of O. mykiss is currently restricted to hatchery-

origin fish that are identified by a missing adipose fin, which suggests that harvest impact may 

be relatively low.  

The proportion of kelts that migrate downstream after spawning can be high at many locations. 

For example, 44 to 55% of wild- and hatchery-origin steelhead pre-spawners in a stream in 

eastern Washington were re-captured as kelts at weirs upon their outmigration following 

spawning (Mayer et al. 2008). The age and size of fish likely play a substantial role in 

determining survival probability to kelt (H2, H6; Figure 5), and this relationship may vary 

depending on environmental conditions. Despite the relatively high proportion of kelts that 

migrate downstream post-spawning, the number of kelts that survive to return and spawn again 

is typically low and varies across populations (Narum et al. 2008). The reason for the low 

survival is the energetic cost for fish of migrating upstream, spawning, and migrating 

downstream after spawning. Penney and Moffitt (2014a, 2014b) found that between early 

freshwater entry and post-spawning (kelt) emigration, the lipid content of white muscle was 

reduced by 94% to levels less than 1% of wet tissue weight. 
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Figure 5: Spawning conceptual model describing reproduction from spawning 

anadromous and resident O. mykiss. 

Monitoring and Special Study Considerations 

For the goal of producing a steelhead JPE, assessing the number of spawning O. mykiss may 

not be necessary if fry and smolt counts are sufficiently accurate (Figure 2A, B; “Juvenile 

Approach”). However, a more comprehensive monitoring of all life stages and life history types 

of O. mykiss can help identify factors or events that limit population growth, their potential 

causes, and potential recovery actions. Knowing the life stage(s) that is limiting the abundance 

of steelhead within the Southern Sierra Nevada Diversity Group would be needed to develop 

the proper management actions to boost population numbers (see Figure 5, Tier 2). Population-

level metrics relevant for the spawning life stage of O. mykiss include life history mixing (H1), 

age or size structure (H2), timing (H3), habitat (H4), competition (H5), and survival (H6).       

Within the JPE framework, the goal of monitoring for the spawning adult life stage is to 

understand whether spawner abundance is limiting juvenile production and if so, why and how 

can it be resolved. Number of redds will be positively correlated to the number of eggs 

deposited for each year (Figure 2A, B; Table 1, Rd), and egg-to-fry survival may display density 

dependence due to superimposition during years with high spawner density and low habitat 
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availability (H4, H5; Figure 5). Spawner abundance or redd information can also be used to 

estimate other metrics related to the JPE such as egg production, and as a way to “forecast” fry 

numbers given available historical data (e.g., egg to fry survival estimates). For example, due to 

the difficulty of monitoring eggs directly in the field, spawner numbers have been used to 

indirectly estimate the number of eggs present in the river for other winter-run Chinook Salmon 

(Voss and Poytress 2020). Note that while this section of the monitoring methods will focus on 

the period after which O. mykiss has conducted their spawning migration into the tributaries. 

Therefore, we focus on surveys within the spawning grounds of O. mykiss during the spawning 

period. For the counting of adult female steelhead returning into the spawning ground (which 

can be used in place of redd production estimate under our JPE framework), see the Returning 

Adults section. 

Status and trend monitoring 

Within the spawning ground, redd surveys are typically the primary method in which spawning 

adult numbers or redd production is estimated. Depending on stream size, redd surveys can be 

done by foot or by boat. Redds, identified by clear “tail-spill” resulting from excavated materials 

as fish construct their nest, are recorded and often uniquely marked electronically or with a flag. 

Redd surveys are a non-invasive sampling method that can characterize the spatial extent and 

timing of spawning fairly well depending on the sampling frequency and size of the tributary. 

Differentiating resident and anadromous O. mykiss redds can be challenging, so morphometrics 

or characteristics of redds (e.g., size, substrate) can be used to predict the size of the spawning 

O. mykiss and therefore estimate the number of eggs produced. However, there are a couple of 

drawbacks associated with redd surveys that may need addressing through refinement of 

sampling protocol or additional studies. One, it may be difficult to distinguish O. mykiss redds 

when Chinook Salmon are present in the tributary and overlap in time and space. Another is 

that it can also be difficult to differentiate between redd produced by a resident O. mykiss vs. an 

anadromous one (Eschenroeder et al. 2022). Redd surveys also do not involve direct capture of 

fish, and as such, no tagging or collection of tissue for other studies (scales, genetic sampling) 

can be done. Environmental conditions such as high flow and high turbidity can also pose 

challenges to field crew and result in incomplete information. Currently, redd surveys occur on 

three San Joaquin Basin tributary streams, the Calaveras, Mokelumne, and Tuoloumne rivers 

(Beakes et al. 2021, Appendix A). Expansion of redd surveys to cover each of the San Joaquin 

Basin streams, including the mainstem river is recommended.    

To supplement redd surveys, spawner surveys from a boat or snorkel survey can also be 

conducted to estimate the number of spawning O. mykiss. Information gathered from this 

additional visual survey can be used to identify whether redds are associated with anadromous 

or resident fish or to better ensure accurate species identification when other salmonids are 

present. If collected in combination with redd morphometric data, one can potentially use the 

information to produce discriminant analysis which can probabilistically assign a redd to either 

species or life history type. Currently, snorkel surveys occur on four San Joaquin Basin tributary 

streams, the Calaveras, Stanislaus, Merced, and Tuoloumne rivers (Beakes et al. 2021, 

Appendix A). Continuation and expansion (if necessary) of visual surveys at the spawning adult 

life stage in the San Joaquin Basin is recommended.   
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For tributaries in which carcass survey is conducted for Chinook salmon, O. mykiss carcass 

information can be recorded and sampled opportunistically (e.g., otolith, fin clip, retrieval of 

tags). Other than the Stanislaus River, San Joaquin Basin tributaries do not currently have 

carcass surveys conducted on them for O. mykiss (Beakes et al. 2021, Appendix A). The 

implementation of carcass surveys on these rivers would improve the understanding of O. 

mykiss life histories across the San Joaquin Basin, as well as provide the opportunity to collect 

biological samples from the spawning adult population. 

Because of limited resources and river configurations that make certain monitoring challenging, 

one should consider which tributary within the Southern Sierra Nevada Diversity Group area this 

information is crucial for, and what spatiotemporal scope and frequency are suitable. Just as 

with any other life stage, it is also important to concurrently collect information on physical and 

biological drivers that may affect spawning O. mykiss (e.g., temperature, diseases, etc.), 

especially those that can be affected by management actions (see conceptual model, Figure 5). 

Special studies 

With visual surveys such as redd and snorkel surveys, care must be taken to ensure that the 

spatial extent and frequency of sampling are appropriate for the tributary. If deemed necessary, 

a special study can be done prior to the establishment of a new survey to better understand the 

most cost-efficient and effective sampling grid and frequency. Once data has been collected 

over a relatively long period of time, it would also be prudent to assess whether the number of 

redds observed is highly influenced by survey frequency, as that may indicate insufficient 

sampling frequency. 

To better understand whether spawner abundance is limiting juvenile production, it is also 

important to address pre-spawning mortality of O. mykiss within a tributary. Given that O. 

mykiss is within the southernmost limit of its range in the California Central Valley and global 

temperature is rising due to climate change, it may be worthwhile to conduct studies to evaluate 

the aerobic scope and temperature limitations of spawning O. mykiss. A study to understand the 

fecundity of adult O. mykiss (Table 1, Fe) by age, length, life history type, or other factors may 

also be worth pursuing, as it can provide expectation of egg production in a tributary at a given 

year based on redd numbers (Table 1, E as a product of Rd and Fe). An assessment of age 

structure for each population may also provide insight into the long-term viability of the Southern 

Sierra Nevada Diversity Group of O. mykiss. Lastly, because proportion of kelts that migrate 

downstream post-spawning varies across populations and could play an important role in the O. 

mykiss population dynamics in the Southern Sierra Nevada Diversity Group, a special study can 

potentially be pursued to determine the frequency and drivers of kelts (e.g., using otolith or 

mark-recapture). 

Egg-to-Fry Emergence 

Biology of Life Stage. Steelhead spawning generally occurs from December through April, with 

peaks from January through March, in small streams and tributaries (NMFS 2009). In general, 

each female steelhead can produce thousands of eggs per spawn, with eggs deposited into 

gravel nests called redds. Eggs usually hatch within four weeks, depending on stream 

temperature, and the yolk sac fry remain in the gravel after hatching for another four to six 

weeks (Eggs usually hatch within four weeks, depending on stream temperature, and the yolk 
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sac fry remain in the gravel after hatching for another four to six weeks (CDFG 1996). Optimal 

conditions for steelhead spawning and embryo incubation reportedly occur at water 

temperatures near 11°C (Myrick and Cech 2001; Moyle 2002; SWRCB 2003). 

Hypotheses of factors impacting egg-to-fry emergence 

H1: Egg-to-fry survival 

H2: Habitat quality and quantity 

H3: Gene expression and life-history diversity 

H4: Geographic distribution 

Egg-to-fry emergence in O. mykiss depends on the complex interactions between the 

environment, the anthropogenic factors affecting the environment, and genetics. Based on past 

research, we assume that survival, habitat quality and quantity, gene expression and life-history 

diversity, and geographic distribution have strong direct effects on if or when a juvenile O. 

mykiss successfully transitions from the egg-to-fry life stage. These hypotheses follow:  

Egg to fry survival in both regulated and unregulated streams is influenced by habitat quality 

and quantity, and when added to hatchery production, determines a cohort’s abundance and 

productivity (H1, H2; Figure 6). In the riverine environment the survival of eggs into emerging fry 

depends largely on subsurface flow, water quality within the incubation environment, and the 

composition of substrate. Natural and regulated surface flows in streams must be sufficient to 

provide water depth and velocity needed to drive intragravel flow during embryo incubation 

(Kondolf et al. 2008). In more regulated environments, like hatchery settings, water quality 

conditions such as temperature and dissolved oxygen (DFG and USFWS 2010) are more easily 

controlled, leading to increased levels of survival from the egg to the smolt life stage when 

compared to naturally reared salmonids (ODFW and USFWS 1996).  

Habitat quality and quantity are major drivers which influence almost all aspects of whether O. 

mykiss eggs survive to the emergent life stage. Habitat quality and quantity influences egg to fry 

survival and distribution (H1, H4; Figure 6) as well as gene expression and life history diversity 

(H3; Figure 6). Habitat quality and quantity is determined by river discharge, water quality within 

the spawning reaches, habitat restoration projects, and disturbance by trampling (H2; Figure 6).   

Salmonid species are poikilotherms, meaning that water temperature can influence processes 

such as development of embryos and alevins, and freshwater rearing (Carter 2005a). Stream 

temperature influences the survival of incubating embryos, as water temperatures outside of 

optimal conditions (5-10°C daily average) are documented to increase mortality rates of O. 

mykiss eggs (Myrick and Cech 2001, WDOE 2002). Adequate intragravel flow through the egg 

pocket is also required to remove metabolic waste and promote the delivery of oxygenated 

water (Silver et al. 1963).   

Passage barriers such as dams and augmented flow regimes affect gravel accumulation and 

dispersal below barriers, which then affects the quality and distribution of spawning habitat 

(Kondolf 1997, Yoshiyama et al. 1998), compromising spawning success (Kondolf 2000). The 

composition of substrate in the redd is important for facilitating the survival of eggs to fry. The 

redd may contain a small amount of fine sediment (<1-10mm) to allow for sufficient permeability 
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and successful fry emergence (Jensen et al. 2009). Sediment deposited after redds are 

constructed and eggs laid may reduce water quality within the egg pocket (dissolved oxygen, 

metabolic waste removal, etc. (Chapman 1988, Bennett et al. 2003) potentially leading to 

decreased fry size (Chapman 1988) or prevention of fry emergence all together (Beschta and 

Jackson 1979). Grain-size distributions also affect the stability of the egg pocket and influence 

susceptibility to fluvial scour.   

Habitat restoration projects such as gravel augmentation, can increase the geographic 

distribution of spawning habitat in rivers (Zueg et al. 2014). Additionally, spawning gravel 

enhancements have been shown to increase survival of salmonid embryos by decreasing 

stream depths and gravel fines, increasing velocities and permeability within the gravel, and by 

equilibrating the hyporheic zone (Merz et al. 2004). 

Trampling of salmonid redds has been shown to decrease survival of eggs within the redd 

(Roberts and White 1992). However, the extent to which angling pressure and trampling in the 

San Joaquin basin tributaries will affect salmonid redds is unknown. Generally, fishing 

regulations and seasonal closures are tools fisheries managers utilize to minimize impacts to 

spawners and redds.  

Hatchery origin embryos/emerging fry and natural origin embryos/emerging fry may exhibit 

different characteristics (H3; Figure 6). In a hatchery setting, controlled and often optimal 

conditions may reduce embryo selection and/or positively select for fish adapted to the hatchery 

environment (Araki et al. 2008). In regulated and unregulated streams, water quality and 

quantity within the stream channel and incubation habitat may impact the expression of life 

history characteristics. Variation in stream flow produces fluctuations in water levels and 

velocities, which may result in dewatering or scour of salmonid redds, and subsequent mortality 

of eggs and larval fish (Becker et al. 1982, Montgomery et al. 1996). The timing of these events 

may contract the temporal and spatial selection of embryos in redds. In such cases, the diversity 

in spawn timing and habitat use may be reduced.  

Spatial structure reflects the distribution (occupancy and density) of embryos and emerging fry, 

which is driven by the water quality within the incubation habitat and quantity of habitat that the 

flow regime provides in the spawning reaches (H4; Figure 6, reviewed in Malcolm et al. 2012). 

Stream flow also influences sediment transport, channel morphology, and streambed substrate 

characteristics which effect spawning habitat quality and availability, as well as determines the 

hydraulic conditions experienced by individual fish (Merz and Setka 2004, Brown and 

Pasternack 2008). Ascending baseflows in streams during spawning increases the availability of 

spawning habitat and may reduce the occurrence of redd superimposition by creating space 

between spawning habitats (Goodman et al. 2018). Decreasing flows during or following 

deposition of eggs, can lead to disconnection of redds from the main channel as well as 

dewatering, which leads to redd stranding and decreases egg survival (Becker et al. 1982, 

McMichael et al. 2005, Fisk et al. 2013).  
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Figure 6: Egg-to-fry emergence conceptual model linking large-scale processes to 

management actions, SMART metrics, and desired population responses (i.e., VSP 

criteria) 

Monitoring and Special Study Considerations 

The primary goal when monitoring the egg-to-fry emergence life stage within the context of the 

JPE is to estimate the proportion of eggs produced by female spawners that survive to emerge 

as fry (Table 1, SEg). Additionally, tributary specific juvenile O. mykiss production can be 

estimated through monitoring this life stage (Table 1, Fr) if spawner abundance and fecundity 

(Table 1, Fr is the product of E and SEg) is also known (Harvey et al. 2020). The egg-to-fry 

emergence life stage is defined as the transition from an egg until the fry emerges from the 

gravel. There are four underlying hypotheses driving the transition from the egg to emergence 

life stage (Figure 6).  Survival through the life stage is primarily influenced by habitat quality and 

quantity (H1-H2, Figure 6), which influences gene expression and life history diversity (H3) and 

directly affects the geographic distribution of spawners within a system (H4). Although 

monitoring needed to estimate survival of eggs to the emergent fry life stage overlaps with 

monitoring of other life stages (adult spawning and rearing), this section will primarily focus on 

considerations for monitoring the egg-to-fry emergence life stage (Figure 6, Table 1, SEg and 

Fr). 
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To estimate the number of emergent fry produced every year requires monitoring across large 

habitat areas, as opposed to fixed monitoring locations that are commonly used for later life 

stages (e.g., rotary screw traps for out-migrating smolts). The abundance of redds and the 

fecundity of female spawners must be known for Central Valley O. mykiss (see Spawning 

section) to determine how many eggs were deposited by spawning females. Additionally, the 

spatial distribution of redds, as well as the water quality conditions experienced by eggs in the 

redds, is needed to estimate the proportion of eggs surviving to emerge as fry. Because stream 

flow directly influences environmental and water quality conditions within spawning reaches (H1, 

H2, H4), monitoring of the egg-to-fry emergence life stage should consider stream flow, wetted 

habitat relative to flow, duration of redd inundation relative to flow, water temperature and DO, 

as well as measures of intragravel flow.  

Though hatchery settings control environmental conditions (water temperature, flow, etc.) 

experienced by eggs and fry during their rearing period (DFG and USFWS 2010), mortality for 

this life stage transition (egg take to release) for the Mokelumne River Hatchery is only 65% 

(CDFW 2021b). Hatchery programs monitor survival of eggs to release, as well as water quality 

parameters on an annual basis (spawning and rearing season). When considering model 

parameters needed to estimate survival in the egg-to-emergence life stage in natural settings, 

these annual survival estimates could be included in models as a measure of baseline survival 

under ideal conditions.  

Lastly, if spawning habitat and redd construction overlap spatially and temporally with angling 

pressure, redd disturbance from trampling may occur (H2). Directed studies could be used to 

determine impacts of trampling on redds by system relative to flow (flow fluctuations alter water 

depth and accessibility to fishing grounds/ redds for anglers). 

Status and trend monitoring 

Long-term monitoring data may include water quality measurements from stream gauges or 

predictions from water quality models in the spawning reaches of the tributaries. These data 

may be used to help predict embryo survival to emergence (SEg) during the incubation period 

(Merz et al. 2004). Model parameters and thresholds may include critical values that indicate 

when egg survival begins to decline (Hendrix et al. 2017) and how quickly development will 

occur. Water temperature is a vital parameter that is measured in many of the San Joaquin 

Basin tributaries (CDEC 2022). These surface water temperature measurements may be used 

as a proxy for incubation temperatures if there is spatial overlap with spawning habitat and 

validation occurs through special studies. Predicted water temperatures from models (e.g. 

HEC5Q; Willey 1986) may also be used if available and serve as an appropriate proxy. 

Dissolved oxygen may also influence early steelhead embryo development (Silver et al. 1963, 

Greig et al. 2007) but is not typically measured through long-term monitoring. Currently, 

environmental parameters such as water quality are used to monitor and predict annual egg-to-

fry survival of Winter-run Chinook Salmon, but has not yet been expanded to CCV steelhead 

monitoring efforts. However, special studies may be used to collect data on dissolved oxygen 

and other water quality parameters (pH, conductivity) that can be used to help inform and 

predict incubation habitat quality where spawning occurs, and one such study is currently in the 

implementation phase on the Stanislaus River (Zeug et al. 2024). 



 

42 
 

In addition to water quality measurements, stream flow data from surface water gauges or 

models (e.g. CALSIM) within O. mykiss spawning habitat may be used to help inform incubation 

habitat quality. Hydraulic models of varying resolutions and ages may be available in spawning 

reaches to predict surface water depth and velocity conditions at range of flows during 

incubation. In many cases, these models have been used to generate instream flow to suitable 

area relationships (Gard 2009) and may apply to incubation habitat quality. When higher 

resolution models (2D) and redd location data are available, site-specific predictions of redd 

dewatering and scour relative to changes in flow may be available. Substrate mapping data in 

spawning reaches may be added to model output to further refine habitat quality predictions at a 

range of flows (Gard 2009). The use of such models will be dependent on availability of recent 

bathymetry, river stage, and discharge data. The spatial and temporal distribution of O. mykiss 

redds will also be needed. The resolution and accuracy of these data will be important 

determinants of model uses. Special studies may be needed to validate the use of surface water 

depth, velocity, and substrate measurements and/or predictions as a proxy for incubation 

(subsurface) conditions, including how they relate to the direction and magnitude of hyporheic 

flow through the egg pocket.  Implementation of habitat quality monitoring for CCV steelhead 

are limited to the American River where hydrologic models (Gard 2009) were used to estimate 

redd dewatering of CCV steelhead at different alternative flow actions as part of the consultation 

on long-term operations of the Central Valley Project. There are more robust monitoring efforts 

currently being implemented for Winter-run Chinook Salmon where shallow redds are actively 

monitored to inform management decisions to minimize negative effects such as redd 

dewatering (Chelberg 2023). 

In a hatchery setting, an estimate of the proportion of eggs that survive to emergence (SEg) 

may be determined annually during routine hatchery operations (CDFW 2021b). Each year, the 

take of green eggs is estimated to meet targets that allow for a buffer against mortality or 

disease during the incubation and rearing phases. The number of eggs taken (E) is typically 

determined using a count by volume estimate. Once eggs have hatched and fry have reached 

the swim-up stage, weight counts are typically performed which will provide a baseline measure 

of fry production (Fr). 

Special studies 

The accurate identification of egg burial depths is a critical component to understanding and 

predicting how changes in water quality, flow and substrate quality impact survival and 

development of embryos. Steelhead egg burial depths proposed for use in scour studies are 

limited to a small number of older references (Devries 1997). During the steelhead spawning 

period, special studies may be used to determine the average and maximum steelhead egg 

burial depths in San Joaquin Basin tributaries. These data may help to identify the range of 

subsurface depths that are most critical to embryo survival and development. 

Studies validating the use of surface water temperature, flow, and substrate as standards for 

subsurface water temperature, flow, and substrate may also be necessary to understand how 

incubation conditions correspond to stream conditions. Water quality meters, temperature data 

loggers, piezometers, standpipes, and sample cylinders are examples of equipment that can be 
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utilized to collect this information (Kondolf et al 2008). Subsurface samples should be collected 

from a depth in the gravel that is similar to the depth of the egg pockets. 

Field-based investigations that provide estimates of eggs that survive to emergence and 

examine the relationships between hyporheic water quality, subsurface flow, gravel composition 

and the survival and development of steelhead embryos may also be warranted. Such studies 

may help identify habitat parameters that limit embryo survival in the spawning reaches and 

inform predictive models that may be used to estimate embryo survival to emergence. These 

assessments may place permeable incubators with a known number of fertilized eggs in 

artificial redds (Malcom et al. 2003) or place caps over artificial redds to capture emerging fry 

(Philips and Koski 1969, Castle and Jackson 2014). Hyporheic water quality and flow 

measurements should be collected just adjacent to the embryos. 

Gravel augmentation projects are often implemented below dams to increase spawning habitat 

for salmonids, and to increase survival of eggs to the fry life stage by improving the habitat 

quality within the spawning reach (Merz et al. 2004, Zeug et al. 2013). While gravel 

augmentation projects have been implemented in some San Joaquin Basin tributaries (e.g., 

Mokelumne River, Merced, and Stanislaus rivers), investigations into the feasibility of additional 

reach-scale projects and maintenance in rivers with existing projects, as well as expansion of 

projects into other San Joaquin Basin rivers could be conducted. Enhancement projects, when 

paired with post-project effectiveness studies could inform and benefit the adult spawning, egg-

to-fry-emergence, and rearing life stages (Figures 5-87, Table 1, Rd, SEg, and SFr).  

Angling effort targeting O. mykiss in the San Joaquin Basin is relatively low when compared to 

other rivers in the Central Valley (Murphy et al. 2001a, Murphy et al. 2001b), but it does exist. 

There is scant literature addressing the potential impacts to redds from anglers (by walking 

across or standing on redds while fishing [trampling]), and even less for impacts within the San 

Joaquin Basin. To more fully understand the extent to which redd trampling by anglers may 

affect the egg-to-fry emergence life stage, studies that examine the spatial and temporal extent 

of angling paired with locations of O. mykiss redds during the rearing period should be designed 

and conducted. 

Rearing 

Biology of Life Stage. Juvenile steelhead rear during most months of the year and typically 

migrate downstream in the Sacramento River between January and June (Hallock et al. 1961; 

McEwan 2001). Juvenile freshwater rearing duration is highly variable and poorly documented 

for populations in the Southern Sierra Nevada Diversity Group. However, the timing of San 

Joaquin basin juvenile steelhead outmigration is typically later in the spring compared to 

Sacramento Basin origin fish (NMFS 2019) indicating that freshwater rearing may extend later 

into the calendar year compared to northern populations. 

There is limited published information on habitat suitability criteria specific to California Central 

Valley steelhead, and less so for populations in Southern Sierra Nevada Diversity Group. 

However, similar physical habitat characteristics have been reported for populations along the 

California coast and Pacific northwest. In California's Big Sur River, for example, rearing juvenile 

steelhead were observed across all mesohabitat types, although the percentage of juveniles 
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observed in run, riffle, glide, and pool habitat types varied by season (Holmes et al. 2014). In all 

habitat types, the presence and close proximity (<1 m) of escape cover (e.g., boulders, large 

wood, vegetation) was positively associated with habitat occupancy. Across habitat types, the 

preferred water depth and velocity varied with fish length. In Holmes et al. (2014) study, 

juveniles between 60-90 mm were observed in water velocities averaging 35 cm/s (0.91-84 

cm/s range) and water depths averaging 0.52 m (0.14 - 1.30 m range), which is consistent with 

larger juveniles and observations from other watersheds (e.g., Raleigh 1984, Naman et al. 

2019).  

Hypotheses of factors impacting juvenile rearing 

H1: Survival 

H2: Somatic growth 

H3: Habitat quality and quantity 

H4: Competition 

H5: Geographic distribution 

The abundance, productivity, diversity, and spatial structure of rearing juvenile O. mykiss can be 

impacted by numerous factors. Here we focus on several environmental and biological metrics 

that are likely important for determining rearing survival, somatic growth rates, habitat quality 

and quantity, competition among juvenile and resident O. mykiss and their distribution within 

rearing habitats. The list of factors and hypotheses described below are not exhaustive, 

however they do capture important variables that are linked to metrics and actions that are often 

the focus of habitat and water operations management.  

Considerable effort is invested into managing water temperatures in regulated rivers in the 

California Central Valley, where temperatures regularly meet or exceed stressful temperatures 

for rearing juvenile O. mykiss (Sogard et al. 2012; NMFS 2019). During periods of extreme 

drought, temperatures can also approach lethal temperatures for O. mykiss and other coldwater 

fishes. Contemporary research provides evidence that temperatures exceeding 22.3°C may 

cause mortality in O. mykiss (H1; Figure 7; Sloat and Osterback 2013). However, it is worth 

noting maximum tolerable temperatures range from 22.3-33.1°C depending on natal origin and 

physiological acclimation (Sloat and Osterback 2013). Even without acute mortality due to 

exposure to higher water temperatures, protracted exposure to sub-lethal temperatures can 

weaken O. mykiss immune systems and increase relative risk of infection and vulnerability to 

pathogens that can lead to mortality or reduced fitness (Bratovich et al. 2005). 

The recommended temperatures for optimal growth of juvenile steelhead ranges from 14°C to 

19°C (H2; Figure 7). However, one study did find that juvenile steelhead could achieve average 

growth rates exceeding 1mm/day in the American River with abundant food availability and 

limited competition when summer water temperatures regularly exceed 20°C (H1, H2; Figure 7; 

Sogard et al. 2012; NMFS 2019). As such, it's possible that optimal temperatures for juvenile 

steelhead growth increase as relative food availability increases similar to other salmonids 

(Perry et al. 2015, Manhard et al. 2018). Similarly, O. mykiss may have the ability to capitalize 

on variability in water temperatures to optimize bioenergetics during foraging and energy 

assimilation (H2; Figure 7; Armstrong et al. 2013, Brewitt et al. 2014). 
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Habitat quality and quantity can directly impact survival, somatic growth, competition and the 

geographic distribution of rearing juvenile O. mykiss. The presence of physical structure (e.g., 

large wood, boulders, etc.) can provide refuge from avian and aquatic predators including large 

resident adult O. mykiss (H1, H3; Figure 7; Holmes et al. 2014). Habitat quality, quantity, and 

type (e.g., floodplain, pool, riffle, etc.) can impact both prey production, availability, and the 

energetic costs of foraging (e.g., water velocity), movement and growth of rearing juvenile O. 

mykiss (H2, H4, H5; Figure 7; Grantham et al. 2012, Myrvold and Kennedy 2016). Habitat 

limitations can increase competition for prey resources increasing competition for food and/or 

antagonistic behavior among conspecifics can affect foraging behavior and success, thus 

leading to movement to alternative habitats (H4, H5; Figure 7; Keely 2001, Ebersole et al. 2001, 

Beakes et al. 2014).  

Competition among juvenile O. mykiss and habitat availability can affect their geographic 

distribution (Figure 7). As fish grow over time their territory size needs increase and competition 

for suitable habitat may subsequently increase (H4; Figure 7; Imre et al. 2004) leading to 

movement when suitable habitat is limited (H4, H5; Figure 7; Grantham et al. 2012, Myrvold and 

Kennedy 2016). While most hatchery reared O. mykiss are expected to outmigrate upon 

release, a percentage of each cohort may rear for days to weeks post release or fail to 

outmigrate and complete their life cycle in freshwater (Hausch and Melnychuk 2012). Hatchery 

origin O. mykiss that do not outmigrate can exacerbate competition and density dependent 

effects on growth and survival (H4; Figure 7; McMichael et al. 1997, Harnish et al. 2014).  

 



 

46 
 

 

Figure 7: Juvenile rearing conceptual model linking large-scale processes to 

management actions, SMART metrics, and desired population responses (i.e., VSP 

criteria). 

Monitoring and Special Study Considerations 

The primary goal of status and trends monitoring and special studies at this life stage relative to 

calculating the JPE is estimating fry-to-parr and parr-to-parr abundance and survival rates 

(Table 1, SFr and SPr, respectively). Survival is difficult to estimate directly and will thus likely 

require monitoring of seasonal and annual changes in fry and parr abundance. Mean survival 

rates (i.e., fry, parr, and potentially spawners) can be estimated through studies and analyses 

that build quantitative relationships between these abundance data. 

Variables that directly or indirectly impact survival include somatic growth rates, habitat quality 

and quantity, and competition (H2, H3, H4; Figure 7). It is likely that competition can be inferred 

from abundance monitoring if the sample design provides a mechanism for estimating fish 

density and factors that may mitigate competitive interactions (e.g., food availability, cover, 

hatchery origin O. mykiss). In addition, habitat conditions and water quality (e.g., water 

temperature, turbidity, etc.) may also impact efficiency of abundance monitoring and thus should 

be considered in study design and data collection (Figure 7).  
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It is essential that the JPE can be generalized and/or extrapolated over broad spatial and 

temporal scales (H5; Figure 7). As such, it will be necessary to implement a spatially and 

temporally balanced monitoring design (McMillan et al. 2012, Liermann et al. 2015). Doing so 

will help ensure monitoring and special studies and abundance estimates are not biased due to 

disproportionate sampling in one particular habitat type, population, or time period.  

Status and trend monitoring 

O. mykiss can potentially rear in natal tributaries year-round when suitable habitat is available, 

and changes in abundance through time is likely due to a combination of mortality and 

outmigration. Here, we describe monitoring methods to evaluate changes in abundance through 

time as a means to infer survival rates. Outmigration monitoring is discussed in another section. 

Factors that impact the abundance and survival of rearing O. mykiss will likely change 

throughout the year. As such, it may be necessary to stratify O. mykiss monitoring and the data 

collection of variables that may impact survival and gear efficiency across seasons.  Alternative 

monitoring methods have tradeoffs with respect to feasibility, costs, and the precision and 

accuracy of detecting the target species (Korman et al. 2010), all of which will likely impact the 

precision, accuracy, and reliability of abundance estimates generated from the data they 

provide. Additionally, counts of O. mykiss collected at monitoring locations will need to be 

corrected for sample bias (e.g., detection probably and sample error) and spatially expanded to 

generate ‘true abundance’ estimates for a population (e.g., catchability must be estimated with 

count and effort, otherwise an index rather than an abundance estimate is produced).  

There are many approaches to generating river-wide abundance estimates of juvenile 

salmonids that range from visual observations (e.g., snorkel surveys) to electrofishing (e.g., 

Hankin and Reeves 1988, Korman et al. 2010) and single-pass index to mark-recapture 

sampling (e.g., Korman et al. 2016). As noted above, alternative monitoring methods and study 

design will have feasibility and costs tradeoffs that will impact the precision and accuracy of 

abundance estimates and the utility of those estimates. It is beyond the scope of this document 

to provide a comprehensive review of methods for monitoring rearing salmonids and duplicate 

the work published by Eschenroeder et al. (2022). Rather, we provide a brief description of 

several methods that commonly appear in published literature.   

Visual estimation of rearing salmonids via snorkel surveys is generally considered a cost 

effective and non-invasive approach for monitoring rearing O. mykiss abundance across a 

range of watershed sizes (Hankin and Reeves 1988, Hagen et al. 2010, Eschenroeder et al. 

2022). Larger streams and rivers may require multiple divers to cover the extent of the survey 

site and multiple passes to estimate detection probability and observation bias (O’neal 2007, 

Apperson et al. 2015). Time of day or night, environmental conditions (e.g., turbidity and 

temperature), and fish size can also impact the detection or observation probability of rearing O. 

mykiss (Hillman et al. 1992, Hagen et al. 2010, Korman et al. 2010) and should be considered in 

the monitoring design and abundance estimation. Snorkel surveys have been conducted in the 

Stanislaus annually since 2009to monitor juvenile O. mykiss abundance (Eschenroeder et al. 

2022) 
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Beach seining and electrofishing are also common methods for monitoring rearing O. mykiss 

(e.g., Thorpe 2020, Eschenroeder et al. 2022). These methods are considered more invasive 

compared to snorkel surveys and their effective use can be limited by habitat characteristics 

(e.g., water depth and bank slope; Eschenroeder et al. 2022). However, both approaches allow 

for the physical capture of juvenile O. mykiss, which provides the opportunity to collect biological 

samples (e.g., scales, DNA) and mark fish for mark-recapture study and monitoring (e.g., 

Passive Integrated Transponder tags; PIT tags). These methods are currently being deployed in 

the Stanislaus River as part of efforts to monitor juvenile abundance and demographics (Zeug et 

al. 2024). 

Mark-recapture studies have historically relied on implanting physical tags (e.g., PIT, elastomer, 

floy, etc.) or physically marking fish by removing tissue (e.g., fin), or batch marking with dye 

(e.g., Bismarck Brown). Advances in Artificial Intelligence image recognition and genetics have 

created alternatives for mark-recapture studies. For example, melanophore patterns in the head 

region of salmon create a natural individual marker much like human fingerprints (Merz et al. 

2012), and abundance estimates based on genetic relatedness (i.e., close-kin mark-recapture) 

have been shown to be closely aligned with estimates based on standard mark-recapture 

methods (Ruzzante et al. 2019). A close-kin mark recapture effort is currently being 

implemented on the Stanislaus River in efforts to estimate population size and survival (Zeug et 

al. 2024). 

Mark-recapture is an effective framework for expanding counts or observations of juvenile 

steelhead to measures of true abundance and density (Boughton et al 2022). Mark-recapture 

methods can be applied through a variety of fish sampling techniques. In all cases, captured fish 

are marked in a way that facilitates future identification, released, and potentially recaptured 

during subsequent sampling events. The true abundance and density of fish within the study 

reach can then be calculated with several analytical methods based on the proportion of marked 

fish captured in subsequent sampling events (Seber 1982, Thompson 2012, Boughton et al 

2022). 

Estimating river-wide population abundance may require extrapolation of data collected at 

smaller spatial scales. This can be accomplished by linking observed fish abundance and 

density to mesohabitat types (e.g., pool, riffle), then estimating watershed-scale fish abundance 

based on the habitat composition of the watershed (e.g., Hankin and Reeves 1988, Roni et al. 

2014). Similarly, fish density estimates at a site level can be expanded based on estimates of 

total wetted area in the target water shed (Boughton et al 2022). Alternatively, advancements in 

geospatial analyses offer a means to extrapolate fish density surveys to entire watershed 

networks while incorporating factors (e.g., habitat characteristics) that generate variability in 

observed fish density (e.g., Isaak et al. 2017).  

It will be necessary to monitor habitat characteristics (e.g., mesohabitat type, water depth, 

velocity, temperature, DO, etc.) in addition to fish abundance through time. Habitat 

characteristics will impact detection probability during fish sampling events (Korman et al. 2016) 

and also affects variation in observed fish densities (Myrvold and Kennedy 2015). Accounting 

for the effect of habitat on observed fish abundance will improve the accuracy of monitoring data 

by correcting for sample bias, make it possible to extrapolate outside the sampling area and 
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improve our understanding of how habitat characteristics are related the status and trends of 

rearing O. mykiss abundance. 

Special studies 

All monitoring methods have imperfect detectability and catchability (i.e., efficiency) of fishes 

including O. mykiss. Imperfect detection or catch probabilities can lead to biased abundance 

estimates. The efficiency of alternative monitoring approaches (e.g., snorkel surveys vs. 

electrofishing) will likely be impacted by environmental conditions (e.g., water turbidity and 

conductivity), and O. mykiss biology (i.e., fish size). If the monitoring goal is to generate 

estimates of true abundance rather than indices, then it will be necessary to estimate the 

efficiency of monitoring methods and estimate how environmental conditions and O. mykiss 

biology individually and interactively impact efficiency. 

More specifically, habitat quality and quantity may partly explain variation in rearing O. mykiss 

abundance through time (H3; Figure 7). Estimating changes in habitat quality and quantity over 

time can be accomplished through hydrodynamic habitat modelling, where suitable rearing 

habitat is calculated by linking habitat suitability criteria with system hydraulics (i.e., water depth 

and velocity). Habitat suitability criteria can vary among O. mykiss populations and thus will 

need to be calculated for a target population and watershed. The sum of suitable habitat at a 

given discharge has been termed weighted usable area or ‘WUA’, and ‘WUA curves’ describe 

changes in WUA across different discharge rates. Having the capacity to estimate changes in 

WUA over time may prove useful in explaining observed variation in rearing O. mykiss 

abundance while providing a metric that can inform flow and habitat related management 

actions that are designed in increase rearing O. mykiss abundance.  For example, a special 

study could be conducted on a target population of O. mykiss where abundance is estimated 

over multiple years with variable habitat conditions such as high-flow vs low-flow years.  

Established habitat suitability criteria for that watershed and the resulting weighted usable area 

over those years, could then, theoretically, have a quantifiable relationship with the population 

estimates. Thus, in future years with varying system hydraulics, these relationships between 

WUA and estimated abundance could be used to explain the variation in population estimates. 

Another method to account for variation in capture efficiency is the concept of ‘double sampling’. 

Boughton et al. (2022) provide a description of double sampling (Thompson 2012) that can be 

used to integrate calibration and monitoring methods that vary in approach, cost, and efficiency. 

The general idea behind double sampling is that it may be more cost effective to generate 

unbiased abundance estimates by aggregating data generated from more costly and intensive 

sampling methods (e.g., electrofishing) with data from more cost-effective and less intensive 

methods (e.g., snorkel survey). However, Boughton et al. (2022) highlight that this approach 

may not be worthwhile if fish detection among survey sites is highly variable. Thus, a special 

study may be required to evaluate variability in fish detection between monitoring locations how 

best to integrate data collected from alternative monitoring approaches.  
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Life-History Expression 

Biology of Life Stage. 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. 

Based on past research, we assume that survival, growth, and genetics have strong direct 

effects on if or when a juvenile O. mykiss assumes an anadromous or resident life-history 

pathway.  

Hypotheses of factors impacting life-history expression 

H1: Survival 

H2: Somatic growth 

H3: Habitat quality and quantity 

H4: Genetics 

H5: Competition 

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 facultatively anadromous species, like O. mykiss, the expression of anadromy is 

in part influenced by the cost of migration (H1; Figure 8). Specifically, when migration distance, 

elevation gained, or risk of mortality is high during migration, the anadromous contingent 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, H2, H3). 

Food availability, water temperature, and stream flow have been associated with patterns of 

anadromy in O. mykiss (H3; Figure 8). Factors that may impact life-history expression on short 

time scales include many of the same factors that impact the adaptive potential and evolutionary 

trajectory of O. mykiss. Large-scale process and management actions influence habitat 

conditions (e.g., water temperature and stream flow), somatic growth, and genetics through 

habitat quality and quantity as well as the impact of hatchery operations on competition and 

genetics. More specifically, past research provides evidence that juvenile steelhead require 

water temperatures between 6.5 and 11.3°C (Myrick and Cech 2001) and grow past a size 

threshold (Satterthwaite et al. 2010, Beakes et al. 2010) to successfully initiate and undergo 

parr-to-smolt transformation (H3; Figure 8). Further, higher rates of anadromy have been 

observed in systems with warmer and sometimes stressful temperatures, while residency was 

more common in cooler systems without stressful temperatures (Sogard et al. 2012). Variability 

in stream flow has also been associated with differing rates of anadromy across populations 

(Kendall et al 2015), where higher rates of anadromy were more common in watersheds with 
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variable flow while residency was associated with river sections with more stable flow (Pearsons 

et al. 2008, H3). 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 (H2, H5; Figure 8; Pearsons et al., 2008, 

Courter et al., 2009, Berejikian et al., 2013). By manipulating stream flow, Harvey et al. (2006) 

found that growth rates of O. mykiss were 8.5 times lower in reaches with reduced flow than in 

control reaches. This line of reasoning has led to the hypothesis that higher summer flows 

improve opportunities for feeding and development, thereby permitting the expression of larger 

and older freshwater residents (Figure 8; Cramer et al. 2003; McMillan et al. 2007; Pearsons et 

al. 1993). 

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 (H2, H3; Figure 8; McMillan et al., 2012, Sloat and Reeves 2014, H2, H3). 

Size-based thresholds for smolting may occur during ‘decision windows’ early in the year and 

well in advance of parr-to-smolt transformation (H2; Figure 8; Beakes et al. 2010). ‘Decision 

windows’ are determined by origin, size, date, and growth (Satterthwaite et al. 2010). Altering 

growth rates or survival over longer timescales can affect the size threshold required for 

smolting, or number of individuals that reach the threshold (H1, H2; Figure 8; Phillis et al. 2016). 

For example, if management actions (e.g., habitat restoration) result in accelerated growth then 

we would hypothesize that the percentage of the population able to reach the threshold required 

for smolt transformation will increase. However, if survival rates of smolts is positively correlated 

with fish size and only the larger individuals survive then natural selection will favor larger 

smolts and the size threshold required to smolt likely increase over time (Phillis et al. 2016). 

Increased competition and density dependence has been associated with higher rates of 

anadromy (H5; Figure 8; Bjornn 1978, Kendall et al. 2015), but the mechanism is likely linked to 

variation in somatic growth. 

With all else equal (e.g., environment, sex, and individual condition), the genetic makeup of 

Omy5 likely impacts the expression of anadromy (H4; Figure 8; Pearse et al. 2014, Kelson et al. 

2019). However, it is worth noting that relatively little variation in life-history expression can be 

explained by genetics alone (Kelson et al. 2019), and that Omy5 has been linked to other 

factors that likely impact life-history expression such as development rate and growth (Nichols 

2008, Miller et al. 2012, Kelson et al. 2020). Density dependence can also influence life history 

indirectly through selection on traits, such as metabolism, where intense competition for feeding 

territory favors fish with high standard metabolic rate that are more likely to express anadromy, 

resulting in a positive feedback loop because those anadromous fish are more fecund than 

residents producing higher densities of juvenile fish in freshwater that foster intense competition 

(Morinville and Rasmussen 2003, Sloat and Reeves 2014, Sloat 2013). Similarly, genotyping at 

Omy5 can inform population-level assessments of anadromy (Abadía-Cardoso et al. 2011, 

Kelson et al. 2019) but the mechanism driving change at the individual level may be more 

closely tied to development and growth (Kelson et al. 2019). Collectively, many of these factors 
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affect interannual growth rates, survival, and the maximum size achievable in freshwater, which 

likely impacts life-history expression and evolution (Satterthwaite et al. 2009, 2010). 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). 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. 

Hatchery produced individuals that become resident adults compete with naturally produced 

resident adults for limited resources (i.e., food, territory, spawning opportunities, H5; Figure 8). 

However, hatchery release strategies may inhibit the residualization of hatchery-origin O. 

mykiss. For example, in the Mokelumne River, releasing hatchery individuals at a larger size in 

the lower watershed (e.g., below Woodbridge Dam) during a pulse event has decreased the 

proportion of hatchery fish observed moving upstream after release (unpublished data). 

Hatchery operations have also impacted the genetic structure of O. mykiss (H4).  For example, 

Pearse and Garza (2015) showed that the genetic structure that exists among Central Valley 

tributaries has been significantly altered in contemporary populations (e.g., O. mykiss above 

and below dams within the same tributary were not found to be each other's closest relatives). 

In particular, they found evidence of introgression between steelhead in the American River and 

some neighboring tributaries with coastal steelhead, which is likely the result of imported eggs 

from coastal steelhead sources, primarily the Eel and Mad rivers (Pears and Garza 2015). 

However, the expression of life history diversity and its relationship with genetics is complex, as 

mentioned previously, and the impacts of introgression from stocking and hatchery practices 

have not been fully evaluated. 
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Figure 8: Life-history expression conceptual model linking large-scale processes to 

management actions, SMART metrics, and desired population responses (i.e., VSP 

criteria). 

Monitoring and Special Study Considerations 

The primary goal when monitoring juvenile life-history expression within the context of the JPE 

is to understand the probability of smoltification (Table 1, PSmi). There are five underlying 

hypotheses driving life-history expression during the juvenile life stage (Figure 8). Hypotheses 

H2-H5 are directly or indirectly related to somatic growth rates (Figure 8). Although survival (H1) 

has multi-generational implications for life-history expression, for the purposes of estimating a 

JPE, we focus on monitoring methods that measure within-generation life-history expression. 

Specifically, this section is centered on strategies for understanding the probability that an 

individual fish will transition from parr to smolt at age 1-4+ (Figure 2A, B; Table 1, PSmi).  

To estimate the number of smolts produced each year (Figure 2A, B), the size-based threshold 

(i.e., reaction norms) required for smolting must be identified for Central Valley O. mykiss as 

well as the drivers of variability in size at age (i.e., correlates of growth). Juvenile outmigration 

size ranges vary by population (coastal vs. Central Valley fish hatchery; Beakes et al. 2010) and 

are currently a knowledge gap for many populations (Kendall et al. 2014) including those in the 
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Southern Sierra Nevada Diversity Group. Additionally, variability in outmigration survival can 

shift the size-based threshold within several decades and appears to be heritable (Phillis et al. 

2016).  

Further, some evidence suggests that the ‘decision’ for O. mykiss and other iteroparous 

salmonids to outmigrate (i.e., ‘decision window’) occurs well in advance of the date at which fish 

reach these size thresholds and initiate outmigration (Metcalfe et al. 1988, Thorpe 1998, Beakes 

et al. 2010, Satterthwaite et al. 2009, 2010). Therefore, variation in growth rates will also impact 

the probability of outmigration (i.e., the size at a given age). Monitoring growth rates (H2) every 

year in multiple locations is likely infeasible for in-season resource management decision 

making or restoration evaluation (Simenstad and Cordell 2000). Habitat capacity and 

opportunity metrics are typically more achievable and can be quantitatively related to variability 

in growth and habitat use (i.e., H3: habitat quality, such as prey availability and water 

temperature, and habitat quantity, such as habitat suitability and the effects of density 

dependence on growth).  

Status and trend monitoring 

Monitoring should include length frequency data collection of O. mykiss juveniles in locations 

where individuals are expected to transition from parr to smolts at age 1-4+ (i.e., outmigration 

corridors). This monitoring must be paired with special studies to estimate the size threshold for 

smolting (i.e., “reaction norms”) by location and/or population under varying environmental 

conditions. Monitoring rearing habitat quantity and quality (H3) will also be important for 

predicting year-to-year variability in growth (H2) and the likelihood of reaching the size threshold 

for smolting. However, paired special studies are required to establish an analytical framework 

between growth and abiotic/food web correlates (see special studies). Monitoring river 

discharge, water temperature, dissolved oxygen and an index of primary production or prey 

production in O. mykiss rearing locations are recommended (and mirror guidance from the 

rearing monitoring section above). In addition to fish length and growth rate data, tissue 

samples should also be collected at juvenile O. mykiss monitoring locations. With all else equal 

(e.g., environment, sex, and individual condition), the genetic makeup of Omy5 likely impacts 

the expression of anadromy (Pearse et al. 2014, Kelson et al. 2019). As described above, 

relatively little variation in life-history expression can be explained by genetics alone (Kelson et 

al. 2019), thus monitoring and genotyping at Omy5 will inform population-level assessments of 

anadromy (Abadía-Cardoso et al. 2011, Kelson et al. 2019, H4) but the mechanism driving 

change at the individual level may be more closely tied to development and growth (Kelson et 

al. 2019). As such, monitoring Omy5 will provide the basis for better understanding the linkages 

between genetic makeup, individual development, the environment, and life-history expression.  

Special studies 

Studies focused on understanding population level differences and environmental correlates of 

the probability of smolting at different ages (Table 1, PSmi, j) should be one of the highest 

priorities for CCV steelhead. There are three potential study designs that can help inform the 

size threshold for smolting or probability of smolting given the length-at-age of juvenile O. 

mykiss. The first design is a common garden experiment where growth of fish from multiple 

populations is controlled through time and sea-water challenge tests osmoregulatory capacity at 
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age 1. This approach provides optimal control over genetics and conditions that impact 

individual growth rates (e.g., temperature, food availability) that may help reveal population-level 

differences in the size threshold required to smolt. However, realism is lost at the expense of 

control, and thus the study results may not perfectly mirror field observations.  

The second design is based on field observations that compare length frequency of 

outmigrating juveniles (i.e., presumed smolts) relative to length frequency of parr (i.e., rearing 

juveniles). Field methods would directly measure behavior at a given time for wild populations 

and therefore a more accurate representation of the variability in the environment, but medium 

to large resident fish may bias length frequency estimates of immature parr (this could be partly 

addressed by checking for mature males during spawning season). Additionally, it may be 

difficult to standardize monitoring methods. This design also requires monitoring large 

watersheds and multiple years of field sampling, which is expensive. Further, low population 

sizes or low sampling efficiency of O. mykiss could lead to small sample size of wild fish. 

A third design alternative involves the  study of otoliths from returning anadromous adults, 

where length at outmigration is back calculated (paired microstructure and microchemistry 

analysis). This strategy yields detailed life history information with opportunities to evaluate 

relationships to short-term and long-term changes in climate/abiotic conditions and habitat (e.g., 

restoration). Otoliths also provide information on all successful life history variants, which are 

not always recorded because of size-selective bias in many juvenile sampling techniques or 

rarity in the juvenile outmigration population (Johnson et al. 2017, Cordoleani et al. 2021). 

Although otoliths contain important life-history information, the collection of otoliths requires 

opportunistic sampling of post-spawned carcasses, or lethal take of potentially iteroparous 

adults. This type of sampling would only measure the subset of the outmigrants that survive 

(unless otoliths from juveniles are also collected, which would require additional permissions). 

To estimate the relative probability of an individual reaching a specific length and a specific age, 

the drivers of variability in growth for rearing O. mykiss must be quantified by measuring both 

growth and those variables to be monitored as growth surrogates. We recommend a mark-

recapture study paired with the monitoring of river discharge, water temperature, dissolved 

oxygen and an index of primary production or prey production. These data will then be 

incorporated into an analytical framework for abiotic/food web-rearing habitat relationships, 

based on a 2D hydrodynamic model, which includes habitat suitability criteria (i.e., water depth, 

velocity, and cover), and information on territory size needs at different sizes (to infer carrying 

capacity). This analytical framework may require extensive effort to be initially established but 

would then be incredibly impactful for making predictions and weighing decisions. 

Environmental factors (e.g., water temperature, food availability, habitat conditions) are easier to 

monitoring compared to directly monitoring fish growth. Therefore, once the mechanistic 

linkages between the environment and a biological outcome of management interest provided 

by this scheme are formed, the special study would transition to monitoring alone. However, 

there is the possibility for biased estimates of growth given remaining uncertainties and/or the 

strength of the resulting correlation, and the relationship between growth and covariates may 

change over time, which may require follow up studies. This tactic provides a framework for 

understanding how management actions can directly/indirectly impact growth rates and the 

associated uncertainty with those predictions. 
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Outmigration 

Biology of Life Stage. Juvenile Central Valley O. mykiss typically migrate to the ocean after 

spending one to three years in freshwater (McEwan 2001). Based on rotary screw trap catches 

in the Stanislaus River from 1996-2021 (unpublished), the majority (96%) of juveniles leave 

natal tributaries between January and June, with some exiting as early as October or as late as 

July. Please note that rotary screw traps operating in tributaries cease operation in late June or 

early July and we do not know the extent of migration after traps are removed. Juvenile Delta 

entry, as indexed by Mossdale trawl catch from water year 2000-2020 (IEP 2021), shows the 

highest passage of unclipped juveniles in April and May (95%), with some passage occurring as 

early as January or as late as June (Beakes et al. 2021). Delta exit, as indexed by Chipps Island 

trawl catch from water year 2000-2020, shows highest passage between February and May 

(90%; IEP 2021), with unclipped juveniles caught nearly year-round (Beakes et al. 2021). It 

should be noted that passage at Chipps Island includes individuals from the Sacramento River 

basin and we are unable to assign origin of fish caught at Chipps Island. Further, juveniles may 

not fully migrate to the ocean, but instead may seasonally rear in estuarine environments (see 

Hayes et al. 2011; Kendall et al. 2015).  

Hypotheses of factors impacting juvenile O. mykiss outmigrating from their natal 

tributary to the ocean. 

H1: Route selection 

H2: Outmigration timing 

H3: Survival 

H4: Habitat quality and quantity 

H5: Somatic growth 

H6: Competition 

Upon reaching the Delta, there are many pathways that juvenile O. mykiss may take to reach 

the Pacific Ocean. The Delta is a complex network of waterways, canals, and sloughs that 

connect the Sacramento and San Joaquin River Basins to the San Francisco Bay. The Delta 

has been transformed into a major hub of California’s agriculture and water supply. There are 

two pumping facilities in the south Delta that pump water out of the Delta for municipal and 

agricultural use. As a result, the flows in the Delta are largely driven by water management 

across the Central Valley via reservoir releases and pumping in the Delta, except during large 

rain events or significant Sierra Nevada snow melt. The process of pumping water from the 

Delta influences outmigration route selection by disrupting the natural flow of water from the San 

Joaquin River to the Ocean. These changes in flows can affect routing for fish entering the Delta 

and cause more fish to be entrained into the interior Delta (with extremely low survival) and 

pumping facilities (with low-moderate survival) instead of remaining in the San Joaquin River 

(with low-moderate survival; see Buchanan et al. 2021; H3). Thus, changes in the flow regime 

due to water management can have large impacts on route selection and ultimately survival 

(H3).  

In addition to modifying the flow of water through the Delta, the management of water modifies 

the natural hydrographs within natal systems. It is likely that the start of outmigration (i.e., natal 
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exit) is different than would be expected from an undammed system, but the overall impacts of 

this need to be quantified. Additionally, the duration of the migration, and therefore timing of 

ocean entry, are also likely impacted by water management in the Central Valley by changing 

the flow patterns and route selection of outmigrating juveniles. In juvenile Chinook salmon, flow 

has been linked with travel time in riverine reaches where higher flows are often correlated with 

faster travel time, but travel time increases once juveniles enter tidally influenced reaches 

(Michel et al. 2013; Perry et al. 2018; Singer et al. 2020). Assuming impacts are similar for 

steelhead, water operations in combination with in-river and tidal conditions influence migration 

speed, route selection and survival (H1, H3; Figure 9).  Further, freshwater flow has been 

identified as a major factor driving outmigration survival of juvenile salmon in which higher flows 

are generally associated with higher survival (Kjelson and Brandes 1989; Newman and Rice 

2002; Michel 2018; Notch et al. 2020; H3). 

There are many interacting sources of mortality for outmigrating juveniles, including predation, 

temperatures, contaminants (H4; Figure 9), route selection (H1; Figure 9), and timing of 

migration (H2; Figure 9). For juvenile salmon migrating through the system, it is thought that 

predation is the major cause of mortality (Grossman et al. 2013), and it is likely similar for 

juvenile O. mykiss. Within the Delta, there has been concern with the impacts of non-native 

predators (Striped Bass Morone saxatilis and black basses Micropterus spp.) on survival of 

migrating salmonids, but it has been extremely difficult to quantify predation rates on juvenile 

salmonids (see Grossman et al. 2013; Grossman 2016). There have been efforts to actively 

manipulate predator densities from predator hot spots (i.e., waters surrounding the pumping 

facilities (DWR 2018; BOR 2021) and below the Woodbridge Irrigation district Dam on the 

Mokelumne River (Sabal et al. 2016)) and using experimental removals (Cavallo et al. 2012; 

Michel et al. 2020). Efforts to control predator hotspots have been successful at reducing 

predation (Sabal et al. 2016) and predator management is a continual effort at the pumping 

facilities. Outside of these hotspots, the effects of predator removals have been met with mixed 

results, ranging from higher survival of migrating salmonids to no change in survival, or even 

increased predator population sizes at the removal sites (Cavallo et al. 2012; Michel et al. 

2020). It has also been hypothesized that the establishment and proliferation of non-native 

aquatic vegetation has influenced the distribution of non-native predators (H4; Figure 9; e.g., 

Brazilian waterweed Egeria densa and subsequent increase in Largemouth Bass Micropterus 

salmoides populations; Conrad et al. 2016). Therefore, controlling and managing the non-native 

aquatic vegetation could have beneficial effects for outmigrating juvenile salmonids by reducing 

non-native predator population sizes along the migratory corridor.  

Trawl catches of juvenile O. mykiss entering the Delta are concentrated between March and 

May (Beakes et al. 2021). Air temperatures and water temperatures generally increase over the 

course of the migration season (i.e., late winter through spring). According to the EPA (2003), 

the recommended temperature thresholds for juvenile steelhead migration is 18°C, but the 

chronic upper lethal limit is 25°C (Myrick and Cech 2005). Additionally, at temperatures above 

the 18-20°C threshold, individuals suffer from reduced growth and higher vulnerability to 

predation (as reviewed in Myrick and Cech 2005). Temperatures in the lower San Joaquin River 

and south Delta can routinely reach 20°C in April and temperatures can exceed 25°C in May, 

especially in dry years (based on temperatures at the Mossdale Bridge CDEC station available 
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on the California Data Exchange Website). As a result, individuals that migrate earlier should 

experience more favorable temperatures than those that migrate in May (H2; Figure 9).  

We do not know the current extent of O. mykiss rearing along the migratory pathways (e.g., 

mainstem San Joaquin River, Delta, Bays and associated habitats such as floodplain, tidal 

marshes, etc.). Therefore, it is unclear how much juvenile fish grow during the outmigration and 

the effects of habitat and water quality (e.g., contaminants) on this life stage. From research on 

juvenile Chinook salmon, access to floodplain habitat along the migratory route provides 

important rearing habitat to juvenile Chinook salmon (Sommer et al. 2001; Jeffres et al. 2008; 

Limm and Marchetti 2009; Bellmore et al. 2013) and these habitats likely provide similar benefits 

to juvenile O. mykiss, but more research on this is needed. Thus, habitat restoration and 

reconnecting floodplains along the mainstem San Joaquin River and Delta could provide 

valuable habitat and additional rearing opportunities to juvenile O. mykiss outside of the natal 

habitat. Additional rearing opportunities may also influence migration timing/duration (H2; Figure 

9), growth and survival (H3; Figure 9) during this life stage. Additionally, the impacts of 

contaminants (e.g., selenium, which is elevated in the San Joaquin River; Saiki et al. 1993) 

within this life stage on survival are not known (H3; Figure 9), but direct effects of contaminants 

on juveniles may be low because these fish are moving quickly through the system. However, if 

juveniles are utilizing habitats within the mainstem San Joaquin River, Delta, or bays as rearing 

habitat, thus spending more time in these habitats, the impacts of contaminants could be 

greater. Overall, this needs to be quantified to assess the impacts on O. mykiss populations. 

Competition is a major factor influencing survival and growth in fishes and more research is 

needed to quantify the effects of competition on survival (H3; Figure 9) and growth (H5; Figure 9) 

of O. mykiss during this stage. However, given the low catches of O. mykiss in the Mossdale 

trawl and DJFMP beach seines in the San Joaquin and south Delta compared to catches along 

the Sacramento (see Beakes et al. 2021 and data available in IEP 2021) and the low availability 

of rearing habitat in the San Joaquin mainstem, we expect low competition for resources and 

space with wild migrating smolts. This may not be the case with hatchery O. mykiss because 

hatcheries have been focusing on releasing smolt-sized fish that can move quickly through the 

system to the ocean in recent years (Huber et al. 2024). Therefore, competition for resources at 

this stage may be higher than expected due, in part, to hatchery release practices. Hatcheries 

often release large numbers of fish at once, which could cause local depletions in limited 

resources (prey resources and/or space) and increase competition with wild fish in those same 

areas. Further, these release practices could attract predators along the migration route(s) that 

may increase predation risk on wild that are using the same migration routes. It should be noted 

that these hypotheses need to be tested to assess the effects of hatchery release practices on 

wild O. mykiss smolts.  

https://cdec.water.ca.gov/dynamicapp/staMeta?station_id=MSD
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Figure 9: Smolt outmigration conceptual model linking large-scale processes to 

management actions, SMART metrics, and desired population responses (i.e., VSP 

criteria). 

Monitoring and Special Study Considerations 

Calculating a steelhead JPE for entering the Delta, exiting the Delta, or exiting the Golden Gate 

Bridge will require different datasets, calibration, and assumptions. When considering the 

calculations of a steelhead JPE, it is important to utilize a method that is feasible to calculate 

and effectively informs take limits for the facilities. Here we discuss three different locations 

where a JPE could be calculated to inform take: at natal exit, Delta entry, and Delta exit. 

Given the benefits/drawbacks of calculating the JPE at each location, the JPE based on the 

outmigration monitoring will likely need to rely on a combination of techniques that utilizes 

information from multiple sampling locations and methodologies. These efforts will likely require 

a combination of status and trend monitoring with additional special studies directed at 

understanding the limits of the existing monitoring programs (e.g., efficiency surveys) and 

identifying ways to improve estimates (e.g., by incorporating mark-recapture techniques). For 

example, combining estimates of abundance at natal exit with acoustic telemetry or PIT tag 

arrays to estimate survival to Delta entry (or exit) to inform a Delta entry (or exit) JPE. For a 

hybrid approach that relies on existing long-term monitoring at natal exit, Delta entry, Delta exit, 
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and mark-recapture methodologies (e.g., PIT tags, acoustic telemetry, etc.), a collaborative 

effort between multiple agencies and programs will be necessary to ensure data continuity and 

share resources to maximize the amount of information gleaned from each program. For 

example, programs that utilize PIT tag technology may be able to leverage sampling outside of 

their monitoring area to increase the value of their information. Currently, there is a PIT tag 

antenna array and an O. mykiss tagging study on the Stanislaus River and it may be useful for 

downstream sampling programs (e.g., the Delta Juvenile Fish Monitoring Program) to scan O. 

mykiss catch for PIT tags. Further, studies using acoustic telemetry (i.e., the recent steelhead 

survival project) have been tagging fish with both acoustic tags and PIT tags. If fish released as 

part of an acoustic telemetry project pass PIT tag antennas (either shortly after release or upon 

ocean return), researchers can obtain valuable information on these fish with the PIT tag 

detections long after the acoustic tag has ceased functioning. Efforts such as this will require a 

centralized PIT tag database and efforts are underway to develop a centralized database in the 

Central Valley for this purpose.  

Considerable effort has also been directed at understanding the effects of direct and indirect 

mortality associated with water operations (H1 and H3). Direct mortality is usually associated 

with mortality that can be directly attributed to the pumping facilities, such as physical capture in 

the fish facility or pre-screen mortality (e.g., predation in Clifton Court Forebay, around the radial 

gates of the state facility, near the intake of the federal facility, etc.). These sources of mortality 

are generally associated with defining incidental take levels in the permitting process. Indirect 

effects are often difficult to quantify and are associated with changes in routing or survival due 

to changes in hydrology associated with pumping. Based on analyses by Rebecca Buchanan 

(e.g., Buchanan et al. 2021), survival is often not correlated with water operations (export, 

inflow:export ratios, etc.) and therefore indirect effects are difficult to identify with methods 

currently available. Thus, the goals of monitoring outmigration of juvenile O. mykiss should also 

encompass: 1) quantifying the direct and indirect effects of water operations on survival and 

routing (e.g., effects of exports, mortality in/near the pumping facilities, pulse flows, barriers, 

etc.), 2) quantifying other effects that influence survival and routing (e.g., temperature, Delta 

inflow (partially managed), timing of migration, predation, habitat quality/quantity, non-native 

species, etc.), and 3) identifying areas of poor survival and develop management strategies to 

address poor survival (e.g., habitat restoration, predation reduction, flow management, barrier 

operation, etc.). 

Status and trend monitoring 

Based on a recent study (Beakes et al. 2021), the major tributaries to the San Joaquin River 

have operated RSTs since the 1990s to early 2000s (Mokelumne, Calaveras, Stanislaus, 

Tuolumne, Merced) and RSTs or fyke nets have been periodically operated on the San Joaquin 

River upstream of the Merced confluence. Trawl sampling at the Delta entry (Mossdale) and exit 

(Chipps Island) has been conducted since the 1970s/80s and year-round since the early 2000s. 

Additional beach seine sampling has been conducted throughout the lower San Joaquin River 

and Delta since the 1970s (year-round since the 2000s). These surveys represent a good 

starting point for the development of a JPE. However, in all surveys mentioned, O. mykiss 

catches have been low and may not reflect true outmigrating abundances (see special studies). 

In addition to these surveys, additional sampling is common on many San Joaquin River 
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tributaries and includes beach seine, electrofishing, fyke net surveys, and may include the use 

of PIT tags for mark-recapture efforts (e.g., Mokelumne [in the 2010s] and Stanislaus Rivers 

[ongoing]). Finally, past and ongoing survival studies (2011-2016 and 2021-present) provide a 

valuable dataset for understanding through-Delta survival of O. mykiss migrating through the 

South Delta. 

Calculating tributary-level JPEs (i.e., at natal exit) would be relatively straight forward using the 

existing monitoring programs in each of the San Joaquin River tributaries. Each tributary has a 

long-term rotary screw trap (RST) or fyke net (on mainstem) program that could be leveraged to 

develop the JPE. Assuming O. mykiss catch (or catch per unit effort [CPUE]) is proportional to 

abundance (see special studies) and all age classes of outmigrants are represented in the catch 

operators could develop efficiency surveys to scale catch to abundance for estimating the total 

numbers outmigrating each year. However, RST programs targeting juvenile Chinook salmon 

do not operate during the summer months (see Goertler et al. 2021), likely miss a proportion of 

the outmigration window (H2) and are considered relatively inefficient at catching lager fish like 

outmigrating steelhead. If developed for each tributary, it would be possible to manage water 

operations for tributary specific JPE goals. Issues with this method include variable mortality 

during outmigration, which will lead to uncertainty in understanding the population-level 

consequences of take limits. Also, the origins of individuals encountered at the pumping 

facilities would need determined (e.g., genetic identification) to inform tributary-specific 

incidental take levels.   

Calculating JPE at Delta entry (i.e., near the Mossdale Crossing Regional Park) would provide 

the best estimate for the numbers of juveniles that will have an opportunity to interact with the 

pumping facilities. Except for the Mokelumne and Calaveras Rivers, a JPE at Delta entry will 

provide the best metric for San Joaquin River populations because we currently do not 

differentiate San Joaquin River from Sacramento River O. mykiss caught at Chipps Island 

(Delta exit). This JPE will likely rely on trawl catch at Mossdale, however efficiency surveys are 

needed to determine if trawl catch (or CPUE) is proportional to abundance (similar to efforts 

required to estimate efficiency of RSTs or fyke nets mentioned above and in special studies).  

While trawls monitoring Delta entry operate year-round, low flows in recent years have 

prevented trawl surveys during parts of the year, including during the O. mykiss outmigration 

window. Further, this method does not account for variable (and possibly extremely low) 

through-Delta survival (H3). Therefore, take generated from JPE at Delta entry may exacerbate 

low through-Delta survival in years in which few fish make it to Chipps Island.  

An O. mykiss JPE calculated at Delta exit would provide an estimate for the number of 

individuals that made it through the Delta and past the direct and indirect effects of pumping. 

This JPE will likely rely on Chipps Island trawl catch indices, which will require efficiency 

estimates to determine if catch is proportional to abundance (see special studies). Nobriga and 

Cadrett (2001) used the proportion of hatchery fish collected at Chipps Island to derive a 

population estimate of wild steelhead smolts; however, they assumed zero mortality from 

release location to Chipps Island and that gear efficiency is constant across space and time. 

Moreover, O. mykiss catch at Chipps Island is a mixture of San Joaquin River and Sacramento 

River origin fish and we currently do not differentiate or estimates O. mykiss origin. Therefore, a 
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Delta exit JPE will require additional sampling to assign origin to O. mykiss (e.g., genetics or 

hard-part sampling plan; see special studies). 

Juvenile O. mykiss outmigration routing (H1) and survival (H3) through the South Delta to Chipps 

Island has been monitored with acoustic telemetry for several years (2011-2016; see Buchanan 

et al. 2021) and as part of ongoing efforts (2021-present; Matthias personal communication). 

Results from the 6-year steelhead survival project conducted from 2011-2016 showed variable 

survival from Delta entry at Mossdale to Chipps Island ranging from 6-69% (Buchanan et al. 

2021) and preliminary results from 2021 and 2022 suggest low survival from release upstream 

of Mossdale to Chipps Island (likely <10%; see the Ocean View website index). It should be 

noted that these survival studies have mainly focused on through-Delta survival. Additional 

efforts will be needed to quantify outmigration survival from natal exit to Delta entry. Agencies 

and universities working the Central Valley have developed an expansive telemetry array that 

covers accessible anadromous waters along the mainstem Sacramento River and some 

tributaries, including an extensive telemetry array in the San Joaquin River (see 2023 locations 

in Cordoleani et al. 2024). However, some of these receivers have been connected to special 

studies and are not consistently operational, and many of the receivers, especially those in the 

mainstem San Joaquin river upstream of the Delta, are not currently connected to the real-time 

receiver array that delivers frequent data uploads to CalFishTrack for real-time monitoring. 

Utilizing acoustic telemetry technologies in the Central Valley has provided valuable information 

for water operations and monitoring outmigration survival, and prioritization efforts have been 

coordinated in the Delta and Upper Sacramento recently, but efforts in the San Joaquin River 

basin need to be enhanced with real-time data uploads to support real-time water operations, 

similar to what has been done in the Sacramento River basin, when frequent time sensitive 

decisions need to be made by managers. 

Special studies 

Given the uncertainty in catch trends from existing monitoring, a concerted effort is required to 

understand the capture efficiency of the existing monitoring surveys (e.g., quantifying the 

impacts of flow, turbidity, size/length, etc. on the ability of a given gear/survey of capturing fish). 

Without efficiency surveys there remains high uncertainty in relating the observed catch (or 

CPUE) trends to true abundance, which will be necessary to develop JPE estimates. Additional 

efforts will likely be needed to estimate outmigration survival from natal exit to Delta entry, 

including quantifying the effects of outmigration timing, flow, and temperature on survival along 

the mainstem San Joaquin River. Existing efforts to estimate outmigration survival and routing 

have used hatchery fish as surrogates for wild. While these hatchery fish (spring yearlings) may 

reflect the size distribution of outmigrating juveniles, they do not reflect the age distribution and, 

combined with differences in wild versus hatchery behavior, may violate the assumption that 

hatchery fish can be used as surrogates for wild fish. Additional efforts need to focus on 

understanding the effects of partial migration on estimates of outmigration survival. Current 

methods to estimate outmigration survival do not differentiate between mortality and partial 

migration (i.e., any fish that does not make it to Chipps Island is considered a mortality, except 

for fish that migrate upstream immediately after release). Assessing the impacts of individuals 

remaining in freshwater (e.g., migrating upstream into San Joaquin River tributaries or upstream 

into the Sacramento River basin) will bias the reach-specific survival estimates. This is 

particularly troublesome in areas where tributaries connect with the San Joaquin River in the 

https://oceanview.pfeg.noaa.gov/CalFishTrack/index.html
https://oceanview.pfeg.noaa.gov/CalFishTrack/index.html


 

63 
 

Delta (i.e., Mokelumne and Calaveras Rivers) and fish that migrate up these rivers will introduce 

downward bias in survival for these reaches (i.e., true survival will be higher than estimated). 

While traditional estimation procedures (i.e., assuming these fish are mortalities) may be 

appropriate for estimating the fraction of hatchery releases that make it past Chipps Island, this 

may complicate attempts to estimate the effects of water operations on reach-specific survival 

and when using hatchery fish as surrogates for wild fish. 

Given the low survival of outmigrating O. mykiss and Chinook salmon (see Buchanan et al. 

2018, 2021; Buchanan and Skalski 2020; Buchanan and Whitlock 2022), it may also be 

beneficial to monitor predator populations and habitat along the various routes along the 

migration pathway. As described in the outmigration CM, predation is likely a major driver of 

mortality in outmigrating juveniles (H3). Understanding how population dynamics (e.g., spatial 

and/or temporal distribution trends) of Striped Bass and the black basses may provide insight 

into regions of low survival. Further, given the relationship between non-native aquatic 

vegetation and predatory Largemouth Bass (H4; Conrad et al. 2016), it may also be beneficial to 

monitor spatial/temporal trends in habitat availability along the migration corridors. Finally, 

understanding the impacts of other piscivores (e.g., mammalian and avian) may be beneficial 

and provide relative impacts of the various predator types. 

Ocean Residence 

Biology of Life Stage. Steelhead in the western United States range widely from California to 

Alaska and are phenotypically variable and iteroparous (Quinn 2005). Steelhead are 

facultatively anadromous, and the anadromous form can emigrate to the ocean at a wide range 

of ages (Satterthwaite et al. 2010). Steelhead spend little time in estuaries, migrate long 

distances from their natal streams, and typically spend 1–3 years in the ocean before returning 

to freshwater (Burgner et al. 1992). Based on the high seas distribution and origins of steelhead 

from vessel catch data and results of tagging studies, Burgner et al. (1992) conclude that soon 

after steelhead smolts enter the ocean they initiate a directed movement offshore. California 

Central Valley Chinook salmon enter the ocean in the Gulf of the Farallones and spread north 

and south along the continental shelf, mainly between Point Conception to the south and the 

coast of Washington to the north, although a few go farther north (Williams 2006). While the 

same may be true of CCV steelhead, observations of ocean residency for these fish are limited 

and uncertain due to a lack of commercial harvest in coastal U.S. fisheries. Brodeur et al. (2004) 

collected allozyme data from 58 steelhead collected in nearshore habitats south of Cape 

Blanco, Oregon. Of these, 14% were estimated to have originated from the Sacramento and 

San Joaquin rivers. Burgner et al. (1992) note that steelhead from coastal Oregon and 

California rivers may have a more restricted westward migration in the ocean compared to more 

northern stocks. A general pattern for Central Valley steelhead stocks seems to be that the 

American River winter run steelhead (Eel River stock) has an oceanic/offshore migration pattern 

more typical of other coastal California stocks, compared to interior populations that display a 

more coastal/inshore pattern (Nate Mantua, SWFSC, personal communication, August 23, 

2021). In general, the distribution of CCV steelhead stocks in the ocean is poorly understood. 

Steelhead are iteroparous and Burgner et al. (1992) reported that of 251 kelts subsampled from 

a sample population of 709 kelts, 71%, 21%, and 8% had spawned once, twice, or three times, 

respectively (and interestingly, one fish had spawned 4 times). 
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Ocean conditions are a major driver of salmonid abundance (Crozier et al. 2019). The ocean is 

where steelhead, including CCV steelhead, put on most of their growth and weight. Quinn 

(2005) reports that 98% of the final weight of steelhead sampled was achieved at sea. Growth 

curves suggest rapid growth during ocean residency, especially in the first and second years in 

marine environments (Burgner et al. 1992). Daly et al. (2014) compared the distribution, diet, 

and growth of juvenile steelhead collected during surveys of the Columbia River estuary and 

coastal waters in May, June, and September from 1998 to 2011. Most ocean catch occurred 

during May (96%) and at the westernmost stations (>55 km from shore), indicating an offshore 

distribution and that steelhead appeared to migrate westward rapidly. Fork length, condition, 

stomach fullness, and IGF-1 (insulin-like growth factor-1) in steelhead increased with distance 

offshore, indicating a pattern of increased feeding and growth in these waters.  

Unfortunately, information on steelhead diet during ocean residency is limited compared to 

salmon stocks due to limited time spent in coastal environments. A great deal of information has 

been collected on salmon stocks in coastal water off the Pacific Northwest (e.g., Brodeur et al. 

2004; Litz et al. 2017) and on trophic relationships for salmon in nearshore coastal habitats in 

California (e.g., Wells et al. 2016). We can expect that steelhead in the ocean will differ from 

salmon due to steelhead emigrating as older age classes and thus sizes compared to Chinook 

salmon and coho salmon. Nonetheless, Daly et al. (2014) did monitor diet composition and 

reported it to be quite diverse. Prey from juvenile steelhead caught in the ocean were grouped 

into a total of 13 categories that contributed at least 5% of the diet by weight in any year 

(euphausiids, decapods (crabs), amphipods, copepods, pteropods, insects, rockfishes Sebastes 

spp., hexagrammids (greenlings), cottids (sculpins), Sablefish (Anoplopoma fimbria), Pacific 

Sand Lances (Ammodytes hexapterus), other teleosts, and other invertebrates). Daly et al. 

(2014) also measured the proportion of steelhead with empty stomachs. Consistent with the 

benefits of ocean residency discussed above, roughly half of the fish sampled in the Columbia 

River estuary had empty stomachs compared to most of the ocean-caught steelhead (87.9% of 

hatchery fish; 92.3% of unmarked fish) having food in their stomachs. 

After maturing for one to several years in the ocean, steelhead migrate from distant feeding 

grounds and return to their natal streams to spawn (Burgner et al. 1992). Steelhead home back 

to their natal river and have been shown to return to reaches within rivers where they were 

released as smolts (Wagner 1969 as reported in Quinn 2005). 

Hypotheses of factors impacting O. mykiss from ocean entry to ocean exit. 

H1: Fishing mortality 

H2: Habitat quality and quantity 

H3: Survival 

H4: Somatic growth 

Ocean harvest allocation and fishing mortality can have a direct effect on steelhead survival in 

the ocean, and in turn, steelhead population metrics (H1; Figure 10). Harvest in coastal waters is 

managed by the Pacific Fishery Management Council (Council). The pre-season forecast for 

salmon in 2022 indicates that commercial harvest on steelhead stocks in coastal waters is 

limited to non-existent (PFMC 2022). The forecast points out that 11 steelhead ESUs listed 
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under ESA from Southern California to Puget Sound are found within the Council’s 

management area, but none are substantively impacted by fisheries managed by the Council 

because steelhead are rarely encountered in ocean salmon fisheries. The Council maintains no 

specific management plan for steelhead harvest, as its harvest allocations focus on Chinook, 

coho, and pink salmon. Harvest in high-seas is regulated according to the International 

Convention for the High Seas Fisheries of the North Pacific Ocean that was signed by the 

United States, Canada, and Japan. High-seas fisheries are managed through the North Pacific 

Anadromous Fish Commission (NPAFC). The most recent data available in NPAFC annual 

reports covers 2020. The data indicate that steelhead harvest represents a low portion of total 

catch. For 2020, the overall commercial catch of Pacific salmon (322,522 fish or 606,682 metric 

ton, mt) was the lowest recorded since 1982. Russia caught the largest proportion of the total 

catch (292,674 mt, 48.2% of total weight) followed by the United States (245,682 mt, 40.5% of 

total weight. Pink and chum salmon made up most of the total catch (46.0% and 27.3% by 

weight, respectively), followed by sockeye salmon (22.6%), coho salmon (3.0%), while Chinook 

salmon (0.8%), cherry salmon (0.2%), and steelhead trout (< 0.1%) were less than 1% of the 

catch by weight (NPAFC 2020). Given this information, we assume that the impact of 

commercial ocean fisheries on steelhead is quite limited and does not have a large impact on 

the survival of steelhead from the San Joaquin River basin.  

Juvenile, sub-adult and adult steelhead during their ocean phase of the life cycle depend on 

habitat quality and quantity, similar to all other life stages. NOAA maintains long-term monitoring 

data ocean conditions, and their effect on juvenile Pacific salmon survival off Oregon and 

Washington. Decades of sampling and analyses have improved the understanding of how 

trends in salmon survival track regime shifts in the North Pacific Ocean, and these shifts are 

transmitted up the trophic ladder in a bottom–up fashion: 

upwelling → nutrients → plankton → forage fish → salmon 

The same regime shifts that affect Pacific salmon also affect the migration of Pacific hake and 

the abundance of sea birds, both of which prey on migrating juvenile salmon. Therefore, climate 

variability can also have "top down" impacts on salmon through predation by hake and sea birds 

(terns and cormorants). Thus, both "bottom up" and "top down" linkages exist between 

salmonids in the ocean and the ocean environment (Peterson et al. 2013) and habitat quality 

and quantity (H2; Figure 10) and food resources available to steelhead in the ocean directly and 

indirectly affect survival (H3; Figure 10). The ecological processes involved are complex and are 

influenced by numerous dynamic environmental and biological factors, resulting in variability in 

the survival of different age groups and thus, the abundance of steelhead returning to 

freshwater each year to spawn. As discussed above, most of the weight gain, or somatic 

growth, of steelhead across their life span is achieved at sea, and growth rates during ocean 

residency are rapid. Stochastic processes in the ocean directly affect the overall productivity of 

steelhead populations through effects on individual growth, size at maturity, and fecundity. 

Overall, survival is affected both by bottom-up processes (somatic growth of individuals (H4; 

Figure 10), which is a result of habitat quality based on trophic conditions and location) and top-

down processes that reflect predator pressures and population dynamics (Figure 10). Taken 

together, all of these factors and processes act on steelhead in the ocean and influence 

abundance, productivity, diversity and spatial structure (Figure 10).  

https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.fisheries.noaa.gov%2Fwest-coast%2Fscience-data%2Focean-ecosystem-indicators-pacific-salmon-marine-survival-northern&data=05%7C02%7Cmcastaneda%40usbr.gov%7Cf867aa7ef6f94b06136608dcf44a356d%7C0693b5ba4b184d7b9341f32f400a5494%7C0%7C0%7C638653846759861008%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=e9tCXiN1%2F4hMAMvBXkfXlZB7l3Wi7U6vQSTCHE7lewU%3D&reserved=0
https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.fisheries.noaa.gov%2Fwest-coast%2Fscience-data%2Focean-ecosystem-indicators-pacific-salmon-marine-survival-northern&data=05%7C02%7Cmcastaneda%40usbr.gov%7Cf867aa7ef6f94b06136608dcf44a356d%7C0693b5ba4b184d7b9341f32f400a5494%7C0%7C0%7C638653846759861008%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C0%7C%7C%7C&sdata=e9tCXiN1%2F4hMAMvBXkfXlZB7l3Wi7U6vQSTCHE7lewU%3D&reserved=0
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Figure 10: Ocean residence conceptual model describing the time prior to migration back 

to natal spawning grounds. 

Monitoring and Special Study Considerations 

The ocean residence component of the steelhead lifecycle is not a specific element of the 

conceptual framework of life-stage transitions and estimation of cohort parr and smolt 

abundance (Figure 2A, B). However, ocean conditions and productivity impact the quality and 

quantity of habitat available to steelhead when in marine environments (H2), survival (H3), and 

size and weight (H4) of adult fish that return to the Delta and migrate to their spawning grounds 

each year. Fishing mortality also impacts survival (H1) but is not expected to be a significant 

source of mortality in steelhead due to a lack of commercial and recreation fisheries in the 

ocean. The number of spawning females directly relates to the number of redds, which is the 

initial element of the juvenile production estimation framework (Figure 2A, B). Therefore, 

understanding ocean conditions and how those conditions influence the number of adult 

steelhead returning to the Delta each year will help managers understand and interpret the JPE, 

and could also inform water management decisions.      
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Status and trend monitoring 

Ideally, an annual census would be conducted to determine the number of fish that survive 

ocean residence and return to the estuary to begin the upstream migration through the Delta 

and to the spawning grounds. This would allow managers to evaluate if survival between the 

Golden Gate Bridge and natal tributaries is being impacted and identify where to focus 

management efforts. However, there is no known method to efficiently obtain this information. 

Therefore, it is necessary to evaluate how ocean conditions impact the number and condition of 

fish that return to the spawning grounds through the collection of ocean indictor data.   

Existing status and trend monitoring of ocean conditions is conducted through the U.S. 

Integrated Ocean Observing System (U.S. IOOS). This program consists of regional systems, 

including the following three that span the West Coast: 1) Southern California Coastal Ocean 

Observing System, 2) Central and Northern California Ocean Observing System, and 3) 

Northwest Association of Networked Ocean Observing Systems. 

Each regional system provides information and data to meet place-based needs through 

collaborations with academic institutions, state, tribal, and federal agencies, private industry, 

and non-profit organizations (Patterson et. al. 2012). The three West Coast regional systems 

also share responsibility for observing larger scale ocean processes that occur within the 

California Current Large Marine Ecosystem, which extends from Canada to Baja California. The 

West Coast regional systems collect physical, chemical, biological, and geological 

measurements that support the operation of small- and large-scale numerical ocean models to 

fill in measurement gaps and provide forecasts of future conditions. This information would 

support evaluations of steelhead stocks that are more oriented to the coastal areas. Some 

stocks transit across the North Pacific Ocean in addition to stocks that occupy coastal waters. 

Ideally, ocean indicator data from the western Pacific Ocean is also being collected and could 

be accessed to determine the influence on recruitment for the steelhead that move further 

offshore.  

In addition to U.S. IOOS Program, NOAA Fisheries also collects data on ocean conditions and 

juvenile abundance through its Northwest and Southwest Fisheries Science Centers. Since 

1996, the Northwest Fisheries Science Center has monitored the ocean environment off the 

Washington and Oregon coasts, its interaction with the California Current, and how ocean 

conditions affect fisheries, focusing on juvenile salmonids. Each year conditions are synthesized 

and used to forecast Chinook and coho salmon returns, which are shared on the NOAA 

Fisheries website. The Southwest Fisheries Science Center also conducts surveys and 

publishes results of specific analyses (e.g., Wells et al. 2016).  

Although the coastal ocean data is collected on a regular basis, little has been done to analyze 

and correlate the data with adult steelhead returns in general and specifically for fish from the San 

Joaquin River Basin. As such, no additional status and trend monitoring activities beyond what is 

currently being conducted on ocean conditions are recommended for the coastal areas. However, 

special studies are needed to synthesize and evaluate the data that is being collected in coastal 

areas and that is recommended for collection (or accessing) in offshore areas, as described in 

the next section. 

https://www.fisheries.noaa.gov/west-coast/science-data/ocean-ecosystem-indicators-pacific-salmon-marine-survival-northern
https://www.fisheries.noaa.gov/west-coast/science-data/ocean-ecosystem-indicators-pacific-salmon-marine-survival-northern
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Special studies 

Special studies are needed to evaluate how ocean conditions relate to steelhead recruitment 

success such that ocean conditions could be used to predict recruitment success from year to 

year. To do this, it will first be necessary to determine where steelhead go after they migrate to 

the ocean. The distribution of steelhead stocks in the ocean is poorly understood and the 

available information, while limited, appears to indicate that interior stocks move farther offshore 

than coastal stocks and that both offshore areas and continental shelf areas are used by 

steelhead. To resolve how to relate ocean conditions to recruitment success and escapement, a 

special study focused on steelhead ocean migration patterns is needed to for San Joaquin River 

fish.      

Once ocean migration patterns are more fully understood, synthesis and analysis of existing 

ocean conditions data would need to be conducted. This would include analysis of West Coast 

regional IOOS system data or data collected by NOAA Fisheries for steelhead residing in 

coastal waters, and similar data from the western Pacific Ocean for fish residing offshore. 

Ocean conditions that are important to monitor are similar to those being analyzed for Chinook 

and coho salmon off Washington and Oregon. These include climate and atmospheric 

indicators, local physical indicators, and local biological indicators, listed on NOAA Fisheries 

website. The synthesis and analysis would relate ocean conditions to recruitment success and 

ultimately to the number of spawning females returning to tributaries each year, which is the 

initial parameter proposed to estimate steelhead JPE. This will also help inform managers as to 

conditions that could be contributing to recruitment success and if water management decisions 

could help improve recruitment success and the overall JPE. 

Returning Adults 

Biology of Life Stage. Steelhead appear to use the earth’s magnetic field to some extent to 

orient themselves in the open ocean (Walker et al. 1997). This compass-like orientation appears 

to shift towards more olfaction-based migration in rivers, though it remains unclear how and 

when the transition happens (Quinn 2005). Salmon and steelhead learn odors (e.g., chemical 

signatures) from their natal river prior to and/or during their juvenile outmigration into the ocean. 

This imprinting of natal site odors is what allows most adult salmonids to return to their home 

river/stream to spawn. The return of adults to their natal site, referred to as homing behavior, is 

a characteristic pattern observed in all salmonids. Despite the importance of homing behavior, 

straying (the failure to return to natal site or decision to spawn elsewhere) has also played a key 

role in the resilience of salmonids (Quinn 2005). Although straying is a natural component of 

salmonid life history, multiple studies on steelhead straying rates indicated that hatchery 

practices can lead to a higher straying rate (Schroeder et al. 2001, Clarke et al. 2014), likely due 

to reduced olfactory imprinting in juveniles. CCV steelhead typically begin to enter freshwater in 

August, with a peak around late September and October (Moyle 2002). It is believed that most 

steelhead would hold in deeper pools until flows are high enough in tributaries to enter for 

spawning, which generally occurs around December to March (McEwan 2001, Moyle 2002). 

https://www.fisheries.noaa.gov/west-coast/science-data/ocean-ecosystem-indicators-pacific-salmon-marine-survival-northern
https://www.fisheries.noaa.gov/west-coast/science-data/ocean-ecosystem-indicators-pacific-salmon-marine-survival-northern
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Figure 11: Returning adults conceptual model describing adult migration back to the 

spawning grounds of natal tributaries. 

Monitoring and Special Study Considerations 

The returning adults life history stage focuses on the time between freshwater entry and 

migration to their natal tributaries before spawning occurs. Similar to the ocean residence 

component of the steelhead lifecycle, returning adults is not a specific element of the conceptual 

framework of life-stage transitions and estimation of cohort parr and smolt abundance (Figure 

2A, B). However, returning adults relates directly to the number, size, and condition of adult fish 

that return to their spawning grounds each year via the environmental conditions the fish 

encounter on their journey from the Golden Gate Bridge to their spawning tributaries. The 

number of spawning females directly relates to the number of redds, which is the initial element 

of the juvenile production estimation framework (Figure 2A, B). Therefore, understanding the 

environmental conditions encountered by returning adults and how those conditions impact 

survival and their ability to spawn directly relates to the JPE. Metrics selected to evaluate 

population response include route selection through the Delta (H1), return timing (H2), survival 

(H3) of returning adults, habitat quality and quantity (H4), and fishing mortality (H5). Although 

hatchery fish are not the focus of the monitoring or special studies listed below, it is recognized 

that hatchery release practices can influence straying (H6; Figure 11), which can affect the 
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diversity of the adult population returning to spawn. It is also recognized that hatchery release 

numbers directly impact in-river harvest (H5; Figure 11) allocations, which, in turn, have a direct 

effect on the overall abundance and productivity of returning adult spawners. 

Status and trend monitoring 

Status and trend monitoring for returning adults should focus on determining the number of 

adults that return to the spawning grounds. The number of adult steelhead returning to the 

spawning tributary before spawning is often determined using a counting survey at a barrier. In 

California, weirs that span the width of a river and funnel adult fish into a counting device (i.e., 

counting weirs), are in place at certain tributaries (Eilers et al. 2010). In other places, such as 

Hood River, Oregon, the Powerdale Dam itself allows for complete sampling of all returning 

adult steelhead (Christie et al. 2011). This type of method can provide fairly accurate numbers 

of returning steelhead into a tributary and can be effectively linked to other studies. The 

counting process can be automated or operated remotely (e.g., VAKI Riverwatcher fish counter 

or Dual-frequency Identification Sonar [DIDSON], which has been updated to ARIS), and when 

counting manually, sampling of tissue for other data collection needs may be done. For 

example, scales can be collected for age structure information and fin clips or mucus swabs can 

be acquired for genetic information. With genetic data, one can potentially evaluate the 

propensity of the tributary to produce steelhead (Pearse et al. 2014), the fitness of hatchery vs. 

wild fish (Araki et al. 2007, Christie et al. 2012), the fitness of resident vs. anadromous fish 

(Christie et al. 2011), and other information useful for understanding the structure, diversity and 

productivity of the Southern Sierra Nevada Diversity Group. However, despite these 

advantages, counting weirs are only feasible in smaller tributaries because they often cannot be 

operated during high flow periods and ignore resident spawners in the system (Eschenroeder et 

al. 2022). For larger tributaries, fyke traps can be used instead to sample returning steelhead. 

This method has similar advantages to the counting weirs in that tissue samples can also be 

collected for additional information. However, the efficiency of fyke traps can often be low and 

operating the necessary number of traps to gain the proper statistical power may be costly 

(Eschenroeder et al. 2022). Another method for large rivers where weirs cannot be installed is to 

use nets or pickets to guide adult fish into an area where they can be counted with an ARIS. 

Fish would not be handled, so no other data could be obtained. ARIS systems can count fish to 

a distance of 15 m or 35 m, depending on the model. 

This status and trends monitoring should be done on an annual basis and should focus on the 

time of the year when most fish return to the spawning grounds (i.e., September through June). 

Data on the estimated number of fish arriving each at tributaries where steelhead are likely to 

spawn can be combined with information from the Delta to inform survival through the Lower 

San Joaquin River and redd counts to inform holding conditions and pre-spawn mortality rates. 

Together this information can be used to identify issues that may need to be addressed to 

improve survival conditions. 

As described in the 2010 Central Valley Steelhead Monitoring Plan (Eilers et al. 2010), the 

following tributary counting systems are likely suitable for monitoring the Southern Sierra 

Nevada Diversity Group of steelhead. These tributaries were selected based on their potential 

to support a viable population of steelhead (Eilers et al. 2010): 

https://www.oceanmarineinc.com/
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• Mokelumne River—East Bay Municipal Utility District monitors fish passage using video 

monitoring in the fish ladder at the Woodbridge Irrigation District Dam. However, the 

video monitoring is limited based on the dam gate operations and does not operate 

throughout the steelhead spawning migration period. There is a need to install a weir 

with a fish counter device above or below the dam to monitor steelhead from September 

to June each year. The number of returning hatchery fish and naturally produced fish 

should also be determined given the operation of the Mokelumne Hatchery adjacent to 

Camanche Dam. 

• Calaveras River—There are no existing counting systems in place, but it is 

recommended that one be installed using a resistance board weir and VAKI 

Riverwatcher fish counter system, or horizontal-bar weir with a video camera and 

DIDSON. 

• Stanislaus River—Currently there is a resistance board weir and VAKI Riverwatcher fish 

counter system (or similar) in place that is used for monitoring Chinook salmon. It is 

recommended that this system operate through June and be used to count returning 

steelhead adults since the current monitoring only goes until December. 

• Tuolumne River— Currently there is a resistance board weir and VAKI Riverwatcher fish 

counter system (or similar) in place that is used for monitoring Chinook salmon. It is 

recommended that this monitoring be expanded to include steelhead between 

September and June.  

• Merced River—There are no existing counting systems in place, but it is recommended 

that a resistance board weir and VAKI Riverwatcher fish counter system (or similar) 

installed to monitor for steelhead between September and June. 

Special studies 

Little is known about how adult steelhead navigate through the Delta and how water operations 

and management actions influence navigational cues. To address this data gap, a telemetry 

study of adult steelhead is needed to determine how the Delta water operations and 

management actions influence navigational cues and migration rates for returning adults as 

measured by route selection, migration delays, and stray rates and how those conditions impact 

survival and fish condition/health when they arrive at the spawning grounds. The amount of 

energy and quality of health of returning adults at spawning is greatly impacted by not only the 

length of time it takes a fish to move through the Delta but also the conditions the fish 

encounters along the way. Autonomous acoustic telemetry receivers could be placed 

throughout the Delta at key junctions and routes to detect fish that were collected in tributary 

counting systems, tagged, and released downstream to reascend through Delta routes.  

Little is known about adult survival through the lower San Joaquin River and survival and 

holding behavior prior to spawning in tributaries. To address this data gap, additional acoustic 

receivers could be deployed to track fish tagged and released in the lower Delta (described 

above) while migrating through the lower San Joaquin River, entering tributaries, and holding. 

Target rivers should include tributaries with the most potential to support steelhead, including 

the Mokelumne, Calaveras, Stanislaus, Tuolumne, and Merced (Eilers et. al. 2010). The study 

should answer the following questions: 1) What is survival through various river reaches given 
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flow, water quality, and amount of Submerged Aquatic Vegetation, 2) where are fish holding in 

tributaries and for how long, 3) is the habitat quality and quantity sufficient to support adult 

holding (e.g., are there sufficient pools and is the water temperature and dissolved oxygen in 

the range needed to support adult steelhead), and 4) are fish affected by or redistribute in the 

tributary due to freshets and flow conditions below dams in each target river such that spawn 

timing to success is affected? A study to evaluate the accuracy and variability of the method 

selected to count adult fish should also be done to support the annual abundance status and 

trend monitoring. Potential methods include comparing device counts to paired visual counts, 

use artificial known targets to determine count error rates for various conditions; or compare 

counts using two different methods (Eilers et. al. 2010). 
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Data Guidance 

Data are a fundamental product of monitoring and form the basis in which abundance 

estimates, life cycle model, and decision support tool are constructed. Ultimately, these 

monitoring data provide the means to inform ourselves on the environmental impacts that drive 

steelhead population dynamics (e.g., water project operations, habitat restoration, hatcheries, 

and harvest). The goal of this data guidance section is to increase, manage, and protect the 

value of data needed and generated by the existing and future steelhead surveys in the San 

Joaquin basin. We acknowledge that data management requires a substantial amount of effort. 

For many monitoring projects, this will likely require staff members dedicated to data 

management, which should be considered at the initiation of any monitoring project. 

Data Management Plan 

Monitoring projects or surveys should state how they address the monitoring goals listed in this 

document. Subsequently, monitoring projects should specify the purpose of the monitoring, the 

management question the monitoring is designed to answer, the types of data to be collected, 

the location to be monitored, and the interval at which data will be collected and published. This 

includes establishing detailed description on data generation, organization, and how it will be 

preserved (an especially important step prior to initiating a new monitoring project). Data should 

be managed so that anyone (including data collectors) can discover, use and interpret the data 

after a period of time has passed (DataONE 2021). Quality assurance and control should also 

be a part of any monitoring project’s data management plan. Effective decision making 

ultimately would require data that are largely error free and of the appropriate type and quality. 

A proper quality assurance and control protocol should allow for early detection of errors at 

various stages of the data collection process (e.g., field sampling, data entry, data summary, 

model estimation, etc.). 

Metadata Standards 

The goal of monitoring projects should be to produce self-describing datasets through a proper 

metadata. Metadata is information about data that describes the ‘who, what, where, when, why, 

and how’ of data sets. Metadata is a critical component of a data set because it ensures the 

correct use and interpretation of the data by its owners and users. Although metadata varies in 

format and content, there are several basic elements common across multiple metadata 

standards. Monitoring projects can use established metadata standards or formats (e.g., 

Ecological Metadata Language, Federal Geographic Data Committee schema, etc.) to increase 

the utility of their data. 

Data Accessibility 

Data (new and historical) should be open and when possible, centralized. Open data means 

that the full dataset (i.e., not data summary) is available and easily accessible without requiring 

a request or permission of some sort. Having open data ensures a smooth dataset integration 

across steelhead monitoring projects for abundance estimation or other analyses central to 

answering key management questions. Open data also allows others verify findings and correct 
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any errors that the data collectors may have missed. When posting datasets, we recommended 

the use of machine-readable, stable, non-proprietary, and standardized data formats (e.g., .csv). 

Centralization of data is key for efficient data integration and analyses. We recommend the 

posting of data from monitoring projects to widely used data repository websites with metadata 

standards. The Environmental Data Initiative (EDI) is one example of such data repository that 

is gaining interest in the system. EDI is a National Science Foundation funded project that 

actively promotes and enables curation and re-use of environmental data. EDI supports high-

level analysis and synthesis of complex ecosystem data across the science-policy-management 

continuum and host to the Long-Term Ecological Research network. Other data repository 

options include the Bureau of Reclamation Information Sharing Environment and the California 

Natural Resource Agency data portal.  

A component to consider when selecting data repository is whether it offers a Digital Object 

Identifier (DOI) for data sets and allows for easy versioning (to allow access to previous 

versions of the data set). DOI is a universally recognized alphanumeric sequence assigned by a 

registration agency (e.g., DataCite or Crossref) to provide a persistent link to the data package’s 

online location. Having a DOI assigned to a data package facilitates data discovery, usage 

tracking, documentation of data set versions, and retention of the relationship between a data 

set and its metadata. Publication of dataset with a DOI also allows the data collectors to receive 

proper credit through citation and increase opportunities for collaboration.  

https://environmentaldatainitiative.org/
https://lternet.edu/
https://data.usbr.gov/
https://data.cnra.ca.gov/
https://data.cnra.ca.gov/
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