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Executive Summary 

New turbine runners designed for safer fish passage will be installed in Units 1, 2 and 3 at Ice 
Harbor Lock and Dam.  Installation of the new runners will begin in 2015 with completion 
anticipated in 2018. Unit 2 will receive a fixed blade runner and will be the first installed. Unit 1 
and Unit 3 will receive identical adjustable blade (Kaplan) runners. Installation of Unit 2 will be 
complete in early 2016; Units 3 and 1 will be complete in 2017 and 2018 respectively. These 
new turbine runners are designed to reduce risk of injury to juvenile fish caused by mechanisms 
such as blade strike and shear, as well as pressure injuries known as barotrauma. Extensive 
computational fluid dynamics (CFD) and physical hydraulic modeling efforts have focused on 
achieving good hydraulic conditions with minimum pressures of 83kPa to 103kPa. Maintaining 
nadir pressures ≥ 83kPa will greatly reduce risk of pressure related injury and mortality 
experienced by turbine passed juvenile salmonids.  

Once installed the new turbine runners require a biological evaluation to establish the biological 
performance and to validate the design process and criteria. The biological study design should 
produce precise, accurate survival estimates with the least associated bias possible. A 
combination of balloon tag and acoustic telemetry study methods will provide turbine survival 
estimates encompassing both direct and indirect effects of turbine passage. These study 
methods have been Regionally accepted and used to establish the most recent estimates of 
turbine passage survival at the lower Snake and Columbia River dams.  

Turbine pressure and acceleration data will be collected. These data will be used correlate 
conditions fish experience as they pass through the turbines with injury and mortality. These 
data provide evidence of blade strike, shear, and pressure and will also be used to determine 
how well the new turbine designs meet the biological criteria, and for comparison with and 
validation of CFD model results.  

Pertinent factors are discussed for consideration in choosing and implementing each study 
design. Statistical analysis methods and preliminary sample sizes associated with these study 
designs are presented, as well as design assumptions and biases, project operations, and 
sample season considerations. Internal and external acoustic and balloon tagging methods, 
release locations for upstream releases and direct turbine intake releases, and acoustic 
detection array locations are discussed as well.  

This document may be used to help plan and implement other possible study designs and 
technologies to evaluate turbine and full dam passage survival as applicable; however, the most 
feasible option for biologically testing the new Ice Harbor Dam turbines may be a paired release 
study with direct turbine intake release of the study fish. Release locations and apparatus, tag 
types, turbine operations will be discussed and finalized among the USACE and participating 
Regional technical leads.  
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Barotrauma – injuries sustained from exposure to severe pressure changes. Fish may suffer 

barotrauma as a result of passing through low pressure regions typically near the suction 
side of the turbine runner blades.  

Direct Injury – injury caused by blade strike, shear, pinch, scrape, or any other mechanical or 
hydraulic caused injury directly related to turbine passage (see mechanical injury) 

Direct Mortality – Mortality caused by direct exposure to mechanical and/or hydraulic forces 
within turbine passage environment 

Direct Release – Release of fish into a turbine intake through a pipe extended down the 
gatewell from the powerhouse deck 

Direct Survival – Survival estimates of fish passing through the turbine without the accounting 
of morality caused by immediate downstream effects such as predation. Representative of 
fish exposure to mechanical injury mechanisms, excluding pressure. 

Indirect Injury – injuries sustain through turbine passage or as a result of turbine passage 
which include disorientation or other sub-lethal injuries not immediately detectable such as 
barotrauma which may increase the rate of downstream predation.  

Intake – Approach into the dam that conveys water to the turbine runner 

Kaplan – A propeller style turbine runner with adjustable blades 

Mechanical Injury – Injury caused by interaction between fish and mechanical components of 
the turbine runner (see direct injury) 

Mortal Injury – Injury that will result in immediate or delayed mortality caused by the direct 
effects of turbine passage 

Nadir – lowest pressure a fish or particle would be exposed to during turbine passage. The 
Nadir pressure of any streamline generally occurs below the turbine runner.  

Overall Survival – Total turbine passage survival accounting for mortality resulting from all 
aspects of turbine passage including delayed mortality and downstream predation resulting 
from sub-lethal injuries sustained during turbine passage.  

Relative Survival – Survival estimates relative to a base condition derived from a specific 
condition or mechanism which may not account for all factors affecting survival  

Runner – Hub and blade apparatus connected to the generator shaft that interacts with the 
water to turn the generator and produce power 

Scroll Case – Chamber around the turbine runner where water enters the turbine unit 
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1.0  Introduction 

New turbine runners designed for safer fish passage will be installed in Units 1, 2 and 3 at Ice 
Harbor Lock and Dam.  Installation of the new runners will begin in 2015 with completion 
anticipated in 2018. The Unit 2 turbine runner is a fixed blade runner and will be the first 
installed. Unit 1 and Unit 3 turbine runners will be identical adjustable blade runners. Installation 
of Unit 2 will be complete in early 2016; Units 3 and 1 will be complete in 2017 and 2018 
respectively. The purpose of designing and installing these “test turbines” was to fine-tune the 
turbine design process, develop new turbine runners to provide the safest fish passage possible 
for any species passing Ice Harbor Dam, and evaluate the outcome of this design process 
through turbine survival studies.  

The new turbine runners will undergo biological testing to estimate passage survival and the 
effects of the turbine environment on juvenile salmonids. Biological testing is expected to occur 
in units 1 and 2 in 2016 subsequent to the new unit 2 runner install. Unit 1 will serve as the 
baseline existing condition. A combination of units 2 and 3 or only units 3 may be tested in 2017 
subsequent to the new unit runner install. While several different passage survival study designs 
are available, each provides a varying degree of complexity and accuracy, some of which may 
not appropriately satisfy study objectives. 

As technology has advanced since early passage survival studies, the ability to produce more 
accurate, precise estimates has greatly improved. Studies have shifted to include route-specific 
survival estimates and the mechanism of fish mortality (Bickford and Skalski 2000). Presently, 
the need to produce passage survival estimates in a manner that is physically reproducible 
yielding statistically sound results is important to fisheries managers and the US Army Corps of 
Engineers. With the production of new turbine runners designed using fish passage criteria, 
sound passage survival study designs are necessary to effectively evaluate improvements in 
turbine runner design and steer future turbine runner design efforts.  

When selecting a study design the objectives of the study should be carefully considered. Study 
designs that are too simple may not provide statistically significant or conclusive results where a 
clear result may exist. Conversely, Study designs that are too complex may provide a wealth of 
information that is unnecessary for satisfying the study objectives. In either case resources are 
squandered, although there may be greater risk involved with selecting a study design that is 
too simple.   

Efficient and accurate passage survival estimates require more detailed and complex study 
designs such as the Virtual with Paired Release-Recapture model proposed by Skalski et al. 
(2010) and Skalski (2011). The virtual release model provides survival estimates with greater 
accuracy and reduced standard error relative to single and paired release-recapture and route-
specific models (Skalski et al. 2010).  

This document may be used to help plan and implement other possible study designs and 
technologies to evaluate turbine and full dam passage survival as applicable and provides 
insight to three acoustic telemetry study designs, as well as discussion of considerations for 
available JSATS tag types, balloon tag studies, Sensor Fish releases, study periods, dam 
operations, and aquatic and avian predation concerns. The scope of this report has been limited 
to yearling and subyearling Chinook salmon and juvenile steelhead as the majority of passage 
and survival studies at lower Columbia and Snake River dams have been conducted with these 
species.   
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2.0  Site Description (USACE 2013a) 

Ice Harbor Dam began operation in 1961 and is located approximately 15km upstream of the 
confluence of the Columbia and Snake Rivers near Burbank, Washington (Figure 1). The 
Project was authorized by Section 2 of the River and Harbor Act of 1945 (Public Law 79-14, 79th 
Congress, 1st Session). The dam is 860.1m long with a navigation lock and ten spill bays which 
span 179.8m (Figure 2). Presently the powerhouse holds six Allis Chalmers Kaplan hydropower 
turbine units numbered 1-6 from south to north, although unit 2 is currently fixed at 29 degrees 
as a temporary repair from mechanical failure. Units 1-3 and 4-6 have different spiral cases and 
runner designs and are capable of producing 90 and 111MW, respectively. Each unit intake has 
three bays labeled A, B, and C from south to north. Each unit intake is equipped with a 
standard-length submersible traveling screen (STS) to bypass juvenile out-migrants from the 
turbine units into the juvenile bypass system (JBS).The full Project contains 1447.2 hectares 
and the resulting pool named Lake Sacajawea.  

 

Figure 1 Location of Ice Harbor Dam on the Lower Snake River, Washington, USA (Ogden et 
al. 2005) 
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Figure 2 General Diagram of Ice Harbor Lock and Dam (USACE 2013b) 

 

2.1  Current Operations (USACE 2013b) 

Currently, Section 6 (Ice Harbor Dam) of the Fish Passage Plan (FPP) (USACE 2013b) 
requires all turbine units to be operated within 1% of best efficiency from April 1 through 
October 31 as specified in the load shaping guidelines (Table 1). When in operation, 
units will be operated to enhance adult and juvenile fish passage from March 1 through 
November 30. During this time period units will be operated as needed to meet 
generation requirements in the priority order shown in Table IHR-4 of the FPP. Model 
studies of Ice Harbor Dam show that spilling at lower river flows can cause eddying in 
front of the powerhouse. To provide the best fish passage conditions during periods of 
spill, it is important that the units operate in a specific operating order to minimize 
eddying conditions. The original and desired unit prioritization is 1, 3, 6, 4, 2, and 5.  
 
These guidelines allow some deviation from the 1% operating range for coordinated 
fishery measures, some maintenance activities, system reliability needs, and emergency 
generation requirements. Tables with operating ranges for Kaplan units 1 and 3, 4-6 and 
the fixed Unit 2 within the 1% operating range at various head levels are contained in the 
FPP. Additionally, STS are required to be in for the period of approximately April 1st to 
December 15th. These screens divert a significant portion of fish entering the 
powerhouse into the gatewells and subsequently the JBS. 
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The Ice Harbor powerhouse may be required to keep one generating turbine unit on line 
at all times to maintain power system reliability. During low flows there may not be 
enough river flow to meet this generation requirement and required minimum spill for 
juvenile fish passage.  Under these circumstances, the power generation requirement for 
system stability takes precedence over the minimum spill requirement. At Ice Harbor, 
minimum generation requirements are 8.5-10.3 thousand cubic feet per second (kcfs) for 
turbine Units 1 and 3-6 and 11.3-13.1kcfs for turbine Unit 2.  These minimum discharge 
requirements are in place to maintain project operation. In the late summer, mean 
minimum daily discharge for Ice Harbor is between 8 and 9kcfs although 95% of the time 
the Snake River discharge never drops below 12kcfs at Ice Harbor. 
 
Spill operations at Ice Harbor have been designated during the fish passage season to 
increase spillway passage and bolster survival of juveniles out-migrating, as well as 
adults that fall back or kelts migrating downstream. The USACE will manage spill levels 
for fish passage to avoid exceeding 120% total dissolved gas (TDG) in project tailraces, 
and 115% TDG in the forebay of the next project downstream consistent with the current 
State of Washington TDG limits. These limits are referred to as gas caps. Spill 
operations presented in Table 1 are planned and assume average runoff conditions; 
however, adjustments to these spill rates may be necessary for the following reasons. 

 
1.  Low runoff conditions that may require adjustments in spill level while  

 maintaining project minimum generation requirements. 
2.  High runoff conditions where flows exceed the powerhouse hydraulic capacity 

 with the specified spill rates. 
3.  Navigation safety concerns. 
4.  Generation unit outages that reduce the powerhouse hydraulic capacity. 
5.  Power system or other emergencies that reduce powerhouse outflow. 
6.  Lack of power demand resulting in an increase in spill levels. 
 

The USACE Reservoir Control Center (RCC) is responsible for daily management of 
spill operations responsive to changing TDG conditions. In order to manage gas cap spill 
levels consistent with the states’ TDG saturation limits, the RCC establishes the TDG 
spill caps for the lower Columbia and Snake River projects on a daily basis throughout 
the fish passage season. The resultant TDG spill caps are set to provide TDG saturation 
levels that are not expected to exceed the 120%/115% TDG limits, which are measured 
as the average of the highest 12 hourly readings for each day. 
 
Spill operations differ between day and night, as well as spring and summer (Table 1). 
Unless otherwise specified, spill will transition to summer operations at 0001 hours, or 
shortly after midnight, at each project on the day after spring spill ends. The USACE will 

Table 1 Ice Harbor operations detailed in the BiOp (NMFS 2008) and Fish Passage Plan 
(USACE 2013b) 
Spring Spill (Day/Night) Summer Spill (Day/Night) Turbine Ops 

April 3-28 (45 kcfs/Gas Cap) 
 
April 28-June 20 (30%/30% 
vs 45 kcfs/Gas Cap) 

June 21-July 13 (30%/30% 
vs 45 kcfs/Gas Cap) 
 
July 13-August 31 (45 
kcfs/Gas Cap; approximate 
Gas Cap range 79-95 kcfs) 

1% of Best Efficiency (hard 
constraint 4/1-10/31) 
 
Minimum Generation: 
Units 1, 3-6 (8.5-10.3 kcfs) 
Unit 2 (11.3-13.1 kcfs) 
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initiate spill at 0001 hours, or shortly after midnight, at each of the projects on the start 
dates specified in the project sections below. Spill caps will be established at levels 
specified in the FPP Fish Operations Plan (FOP; USACE 2013b) and will continue 
unless conditions require changing to maintain TDG. Summer spill changes to straight 
45kcfs by day and gas cap by night at Ice Harbor in mid July. Nighttime spill hours are 
1800-0500. 

 
2.2  Turbine Runner Design and Replacement 

Units 1, 2 and 3 at Ice Harbor Dam are scheduled for replacement with new turbine 
runners designed for safer fish passage. Modifications to the draft tubes and stay vanes 
may occur for these units at this time as well. The new runners, and other components, 
are currently being designed by Voith Hydro, and model tested at the USACE Engineer 
Research and Development Center (ERDC) in Vicksburg, Mississippi.  

Biological design criteria to reduce injuries and mortality, both direct (mechanical and 
pressure related) and indirect (disorientation, sub-lethal barotrauma, predation), is being 
used to design the new Ice Harbor test turbines. Aside from mechanical injuries, fish 
experience an abrupt pressure drop as they pass from the pressure side (tope side) to 
the suction side (bottom side) of the turbine runner blades. The lowest pressure in the 
flow path is referred to as the pressure “nadir”. Pressures experienced by fish passing 
through the turbine may vary with fish distribution across the runner blades, project 
head, operation, and tailrace elevation (runner submergence).  

Criteria established for the new turbine runners limits the pressure nadir to a minimum of 
83kPa; however, the design team has chosen a more conservative goal value of 
103kPa. Atmospheric pressure is approximately 101kPa; therefore, maintaining higher 
nadir pressures reduces the disparity in the ratio of pressure change (acclimation 
pressure divided by nadir pressure). A decrease in pressure by ½ is equal to a ratio 
pressure change of 2 and also an expansion of the swim bladder by a factor of 2.  For 
example, if a fish passing through a turbine goes from surface pressure (101 kPa) prior 
to turbine passage to a nadir pressure that is half of surface pressure (50.5 kPa) the 
volume of the pre-existing gas in the body doubles. For this reason, the goal of the new 
turbine designs to maintain nadir pressures equivalent to or greater than surface 
pressure (101 kPa) will greatly reduce the risk of barotrauma on turbine passed fish.  

Efforts to reduce these low pressures have led to tradeoffs in turbine design where 
larger blades increase the nadir pressure but may increase the potential for strike. 
Multiple iterations for each design allow for tradeoff adjustment. Adjusting specifications 
such as blade size, runner vertical placement in the unit, blade shape, and leading edge 
thickness all influence the flow quality (how smoothly water may flow through the turbine 
runner as defined by CFD), pressure severity and potential for strike. The final runner 
designs and their performance will be a product of finely tuning each specification to 
provide the best overall passage conditions for fish. For this reason, once a prototype 
runner has been developed it is critical that an evaluation of the design be conducted to 
determine how well the new runners meet design criteria.  

Biological testing of the new turbine units is also necessary to estimate fish passage 
survival and compare to other existing runners to justify the added cost of design, 
manufacture and installation necessary to meet the newly established biological criteria. 
Biological test results will also be correlated to Computational Fluid Dynamics (CFD) and 
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physical model data to validate these as effective design tools to assure biological 
design goals are attained in future design efforts.  

While the following information regarding various study designs is geared for juvenile 
Chinook salmon and steelhead, the new turbine runners were designed with the intent to 
provide a passage and survival benefit to all species, both salmonid and non-salmonid. 
Reducing strike and increasing nadir pressures will provide a benefit to all species 
passing. For example, laboratory study results suggest that species such as juvenile 
brook and Pacific lamprey are not susceptible to barotrauma associated with severe low 
pressures (Colotelo et al. 2012) leaving strike and shear as potential sources of injury. It 
may be hypothesized that juvenile lamprey will approach the turbine near the intake floor 
making it more likely to pass near the blade tip. Improving strike and shear potential at 
the blade tip will provide a survival benefit to juvenile lamprey, and any other species 
passing the turbine runner at this location.  
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3.0  Biological Study Objectives 

The objectives of a biological study of the new turbine runner designs are based on the 
design criteria, CFD, and physical model data used to develop the new turbine runners 
and expected passage survival that may be realized from the biological design criteria. 
Estimating survival of turbine passed fish will provide the most common, applicable 
measure of passage route performance and will be comparable to estimates derived 
from other FCRPS dams. While defining the relative performance contribution of 
particular design elements is desired, increased survival is the main goal of the new 
runner designs. As previously mentioned, species tested are limited to Chinook salmon 
and steelhead smolts.  

3.1 Primary Objectives  

1) Estimate overall survival of yearling and subyearling Chinook and juvenile 
steelhead  through the new turbines 

Acoustic telemetry release-recapture methods should be employed for this 
objective to allow for study fish to become acclimated to river conditions prior to 
approaching and passing through turbines. Turbines will operate normally as 
scheduled for this objective.  

1.1  Study periods (either or both may be tested): 

1.2.1 March-May: Spring passage conditions that may provide lower 
predation rates with cooler water temperatures.  Note: highest 
river discharges generally occur in May/June. (Spring spill begins 
in April, however, March is considered for a pre-spill spring study) 

1.2.2 June-August: Summer passage conditions providing greater 
predation rates with warmer water temperatures 

1.2.3 Considerations: No spill or reduced spill; no screens or bypass; 
run-of-river or hatchery fish; Biological Opinion (BiOp) required 
turbine operations, and potentially test operations outside the 1% 
range 

 

2)  Estimate survival difference between new and existing turbines 

2.1  Test for significant differences in overall survival estimated with acoustic 
telemetry release-recapture studies among turbine operations.  

H 0 : There will be no significant difference in turbine passage survival among the 

new and existing turbines at Ice Harbor Dam for yearling and subyearling 
Chinook salmon and steelhead 

H a : Turbine passage survival will be significantly different through the new 

turbines relative to existing turbines at Ice Harbor Dam for yearling and 
subyearling Chinook salmon and steelhead 
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3)  Evaluate differences in direct injury and relative survival between new and 
existing runners at the following turbine operations: 

 Lower 1% 
 Peak Efficiency 
 Upper 1% 
 Best operating point for fish passage 

*Turbine operations to be tested are subject to change and will be 
finalized by the USACE technical leads after model testing is complete. 

3.1  Direct mortality, injury, loss of equilibrium, shear, scrape, pinch, etc. 

3.2  Determined using balloon tag study 

3.2.1 Primary Objectives 

1)  Estimate direct injury of turbine passed fish at selected turbine 
operations 

2) Relate direct injuries to specific mechanisms within the turbine 
unit (i. e. blade strike, shear, etc.) if possible. 

H 0 : There will be no significant difference in direct injury and relative survival of 

turbine passed fish among operations with the new turbines 

H a : There will be a significant difference in direct injury and relative survival of 

turbine passed fish among operations with the new turbines 

3.2.2 Secondary Objective 

1) Compare the results of the primary objectives with previous 
balloon tag studies to determine if benefits (reduced 
mechanical and pressure injuries) of the new turbine designs 
can be quantified and compared to existing turbines. 

H 0 : There will be no significant difference in direct injury and relative survival of 

turbine passed fish among operations between new and existing turbine 
designs 

H a : There will be a significant difference in direct injury and relative survival of 

turbine passed fish among operations between new and existing turbine 
designs 
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4) Evaluate How Well the New Runner Meets Strike and Pressure Criteria  

  4.1  Determined using sensor fish 

 Validate CFD modeling and pressure criteria 
 Validate ERDC Bead Strike Analysis (USACE Task) 

 

3.2  Secondary Objective 

1) Evaluate benefits of turbine design features (if we have enough evidence to 
attribute increased survival to particular turbine environment features (i.e., stay 
vane modifications, runner strike, runner pressure, draft tube floor fill, etc.)). This 
may be accomplished with data collected by Sensor Fish releases coupled with 
CFD and direct injury and survival study data.   
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4.0 Statistical Study Designs (Acoustic Telemetry Studies) 

Telemetry study designs are implemented at Federal Columbia River Power System (FCRPS) 
projects for many reasons including the following: 1) Estimate dam survival (“performance 
standard”) of juvenile salmonids; 2) Evaluate fish passage through or over newly constructed or 
modified structures that may directly influence fish passage and survival; and 3) Evaluate 
specific passage routes for survival and potential for improvement. 

Dam passage survival, defined as survival from the upstream face of the dam to a downstream 
location outside of project operation effects on hydraulic conditions is required to meet values ≥ 
96% for spring stocks (yearling Chinook salmon and steelhead), and ≥ 93% for summer stocks 
(subyearling Chinook salmon) and should be estimated with a standard error (SE) of ≤ 1.5% 
(0.015) (NMFS 2008; Skalski 2011). These parameters are used with detection probabilities to 
achieve a precision ±0.03, 95% of the time (Normandeau et al. 2007, 2008; NMFS 2008; 
Skalski 2009; Skalski et al. 2009; Skalski 2011). In the case of BiOp specifications, precision 
should be calculated as follows. 

0.03=1.96*SE( Ŝ )    SE( Ŝ ) = 0.0153, or 0.015 (Skalski 2011) 

While BiOp performance standards have been used to calculate sample sizes for this study, 
specific passage routes are not assigned a performance standard by the 2008 BiOp. The 
objectives of this study are centered around testing survival through new turbine units; however, 
using BiOp performance standards as a basis for sample size estimates and choosing a study 
design is acceptable for two reasons: 1) Calculating sample sizes using performance standards 
has been done in the past and provides a strong basis for calculating realistic preliminary 
estimates; and 2) Performance standards are realistic, Regionally accepted survival standards 
that have been set as a goal for overall dam passage survival.  

SampleSize (University of Washington, Seattle, 2011) software was designed to produce 
sample size estimates for fish and wildlife release-recapture studies and was used to calculate 
preliminary sample sizes for the release-recapture models presented in this report. SampleSize 
software estimates sample size based on anticipated precision of estimates as a function of 
release sizes, detection probability and anticipated survival of fish volitionally passing a dam to 
include spillway, bypass, and powerhouse passage making sample size estimates directly 
applicable to acoustic telemetry studies. Passage survival and detection probabilities for 
yearling and subyearling Chinook salmon and juvenile steelhead were used from Skalski (2011) 
to run each model. An independent review of sample sizes estimated using SampleSize 
software is included as Appendix 1.0. 
 
Three common study designs used to estimate survival at FCRPS projects are discussed in this 
section. Sample sizes, statistical design assumptions, and design biases are detailed for each 
study design. 

Lessons learned from past studies support study designs that allow release of fish upstream of 
the dam of study sufficient enough to allow for normal distribution as the fish approach the dam. 
Skalski et al. (1998), Bickford and Skalski (2000), and Skalski et al. (2009) have defined some 
lessons from past studies.  

Lesson 1) Smolts released in the immediate vicinity of the forebay do not pass a dam in the 
same spatial distribution as run-of-river fish;  
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Lesson 2) Paired upstream-downstream releases are needed to isolate survival to a specific 
river reach or section; 

Lesson 3) Fish used for paired release studies must be similar in all aspects including origin and 
handling. 

While these study design have most recently been implemented using acoustic telemetry 
methods, it should be understood that these methods do not differentiate among mortality 
sources. The primary goal is to estimate survival associated with dam (in this case turbine) 
passage. Smolt mortality associated with avian and piscivorous predation, as well as 
barotrauma is treated as a direct affect of the stress of turbine passage. Control releases do 
provide a correction factor for survival estimates given mortality is associated with surgically 
implanting tags or fish condition. 

4.1  Single Release-Recapture Study Design 

A maximum likelihood analysis of data collected under single release-recapture models 
is applicable to fisheries studies and the analysis methods of Cormack (1964) or a 
variation thereof (Jolly 1965; Seber 1965) have been employed for FCRPS salmonid 
passage survival studies in the past (Axel et al. 2003, 2008, 2010; Ogden et al. 2008) to 
estimate survival.  

Figure 3 represents the single release-recapture study design and model assumptions 
are listed in Table 2.  

 

Figure 3 Single Release-Recapture study design (modified from Skalski 2009). 
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4.1.1  Design Concepts 

The minimal design configuration is an upstream release site and two 
downstream detection sites with the uppermost detection facility capable of 
returning detected fish to the river (Skalski et al. 1998). 

 
1) R1: Fish released upstream of dam face or direct release in the turbine 

intake in a location appropriate for passage through the desired turbine, 
location, etc. 

 
2) Double 3D hydrophone arrays at the dam face will ensure detection of all 

fish reaching the dam/turbine for passage, and provide a vertical and 
horizontal distribution of approaching fish. 

3) Below the dam, the fish will be detected at two subsequent arrays 
downstream and outside the hydraulic influence of the dam.  Having the 
first detection array below the hydraulic influence of the dam is important 
to reduce the probability of detecting a dead fish as a false positive, or 
survivor. This study design will form a single release-recapture model 
estimate of survival. 

 
4.1.2 Sample Release Sizes (Skalski 2011; SampleSize Software 2011) 

 4.1.2.1 Volitional Passage Estimates 

The single release model was run accounting for two reaches (Figure 3) and one 
replicate for fish volitionally passing the dam (Appendix 1.1). Only one replicate 
was applied to the model because an estimate of variance was not available for 
input with more than one replicate. The lack of variance in the model caused 
sample sizes to be unrealistic (~ 50 fish per replicate) when the model was run 
with three replicates. The BiOp (NMFS 2008) performance standard for passage 
survival of 93% for subyearling and 96% for yearling Chinook salmon and 
steelhead was used as the survival statistic for sample size calculation. The 
average bypass proportion of subyearling and yearling Chinook salmon and 
steelhead from past studies was used as the input for “proportion removed”. 
Proportion removed does not account for mortality as survival parameters are 
already specified in the model. Detection probabilities of 90, 95, and 98% were 
used to run the single release model for subyearling and yearling Chinook 
salmon and steelhead. 

Testing a range of sample sizes in the model (e. g. 200-500) provided standard 
errors (SE) used to create the curves in Figures 4 and 5. Subyearling sample 
size estimates and precision 95% ½ confidence intervals were 370 (±0.028; 90% 
detection), 310 (±0.029; 95% detection), and 290 (±0.029; 98% detection). 
Yearling Chinook and steelhead sample size estimates were 240 (±0.029; 90% 
detection), 190 (±0.029; 95% detection), and 170 (±0.029; 98% detection). 
Graphical representations of confidence intervals can be found in Appendix 1.1. 
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4.1.2.2 Direct Release Estimates 

The SampleSize program provides an estimate for fish volitionally passing a 
dam; however, this estimate does not specifically account for directly releasing 
fish into the passage route of interest. For this reason the R statistical program 
(R Development Core Team 2008) and “pwr” package (Champely 2012) was 
used to run an analyses of variance (ANOVA) power analyses with 3 replicates 
(including potential controls), effect size = 0.05, and α = 0.05. The “effect size” is 
the magnitude of difference to be detected in the parameter of interest among 
study groups (Osmena 2010). In this case 0.05 indicates a small expected 
difference (i. e. ~ 5%) in passage survival between existing and new turbines. 
Target power (1-β) for sample sizes has been set at 0.80, which is often 
accepted for biological studies (Whitlock and Schluter 2009). Survival estimates 
obtained from a sample size with a power of at least 0.80 will, in theory, have 
sufficient power to provide a statistically significant survival estimate (α = 0.05) 
among treatments and between treatments and control groups. If survival 
estimates with this level of significance are achieved it will be possible to detect a 
difference in survival between the existing and newly designed turbine runners (if 
a difference exists) and reduce the possibility of making a Type II error by 
accepting a false null hypothesis (H 0 : There will be no significant difference in 

turbine passage survival among the new and existing turbines at Ice Harbor Dam 
for yearling and subyearling Chinook salmon and steelhead).  

The power analysis provided that a minimum sample size of 1285 fish had a 
power of 0.80. Sample sizes estimated using SampleSize software appear to 
provide appropriate precision for estimating survival through one turbine with 
upstream releases (Appendix 1.0); however, this is not consistent with the power 
analysis for direct release sample sizes. One explanation is that the power 
analysis includes replicates where the SampleSize software did not consider 
multiple releases. It is likely that that sample sizes estimated using SampleSize 
software are more appropriate for in-river acoustic telemetry studies given the 
parameters the model uses to estimate sample sizes. Regardless, treatment 
release groups must be large enough to reduce the risk of Type II error and it is 
recommended that a statistician estimate sample sizes appropriate for volitional 
passage and direct release to ensure appropriate power and precision. 

 
4.1.3  Design Biases 
 

Single release-recapture models provide biased survival estimates by 
systematically violating assumptions (Skalski et al. 2010). The single release 
model does not allow for separate estimation of dam survival from tailrace 
survival. Mortality that is experienced in the tailrace upon exiting the dam is not 
corrected for. Furthermore, estimates of project survival will be negatively biased 
in the presence of mortality that is caused by handling but occurs after release.  

This scenario violates the assumption that fish released for the study are 
representative of the population of inference since the population at large does 
not experience mortality from handling and tagging. One way to remedy bias is 
with the addition of a second and third downstream release group that may be 
used to calculate out some of the bias in the single release survival estimate.
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 Table 2 Single Release-Recapture Model Assumptions  
1 Test fish are representative of the population of inference (Skalski et al. 1998; Axel et al. 

2003) 
2 Test conditions are representative of the condition of inference (Skalski et al. 1998) 
3 The number of fish released is exactly known (Skalski et al. 1998) 
4 Tag codes are accurately recorded at the time of tagging and at all detection sites (Skalski 

et al. 1998) 
5 For replicate studies, data from different releases are statistically independent (Skalski et al. 

1998) 
6 The fate of each individual is independent of the fates of all other fish (Skalski et al. 1998) 
7 All fish in each release group have equal survival and detection probabilities (Iwomoto et al. 

1994; Skalski et al. 1998) 
8 Prior detection history has no effect on subsequent survival and detection probabilities 

(Skalski et al. 1998; Axel et al. 2010) 
9 The tag and/or tagging method does not significantly affect the subsequent behavior or 

survival of the marked individual (Axel et al. 2003). 
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Figure 4 Single Release sample size estimates for subyearling Chinook salmon. Capture 
probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize single 
release model using BiOp (NMFS 2008) performance standard survival of 93%. Sample sizes 
were calculated to achieve a passage survival estimate with a SE of ≤0.015. 
 
 

 
 
Figure 5 Single Release sample size estimates for yearling Chinook salmon and steelhead. 
Capture probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize 
single release model using BiOp (NMFS 2008) performance standard survival of 96%. Sample 
sizes were calculated to achieve a passage survival estimate with a SE of ≤0.015. 
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4.2  Paired Release-Recapture Study Design (Skalski 2011) 

A maximum likelihood analysis of data collected under paired release-recapture models 
is applicable to fisheries studies and the analysis methods of Cormack (1964) or a 
variation thereof (Jolly 1965; Seber 1965) have been employed for FCRPS salmonid 
passage survival studies in the past (Mathur et al. 1996; Ogden et al. 2008) Joint 
likelihood analyses to estimate survival have also been implemented by Mathur et al. 
(1996). 

 Figure 6 represents the paired release-recapture study release design and model 
assumptions are listed in Table 3. 

 

Figure 6 Paired Release-Recapture study design (modified from Skalski 2011) 

4.2.1 Design Concepts 

Paired release-recapture provides a more accurate survival estimate, as well as 
a greater variety of possible results.  

1)  R1: Fish released upstream of dam face or turbine intake in a location 
appropriate for passage through desired turbine, location, etc. 

2) R2 and R3: Paired release group to estimate survival of fish passing 
through subsequent reaches between tailrace and pool without turbine 
passage bias  



 

29 
 

3) Double 3D hydrophone arrays at the dam face will ensure detection of all 
fish entering the turbine for passage, and provide a vertical and horizontal 
distribution of approaching fish. 

4) First hydrophone array downstream sufficiently far to reduce risk of false 
positive survival detection of dead fish from release groups R1 and R2.  

5) A third downstream detection array may be used to provide absolute 
survival estimates and a measure of detection efficiency.  

6) S1 provides a turbine passage survival estimate; S2 provides a control 
tailrace reach survival estimate; S3 provides control survival estimate 
from first downstream hydrophone array to the pool array. 

 
7) Two additional control releases downstream of the dam (R2 and R3) will 

be used to form a paired release-recapture model based estimate of 
survival.  The single release survival estimate will be divided by the paired 

release survival to form the estimate of survival S2/S3 : .   

 
4.2.2 Sample Release Sizes (Skalski 2011; SampleSize Software 2011) 
 

SampleSize (2011) software was used to calculate the proper sample size for the 
paired release-recapture model (Appendix 1.2). The BiOp (NMFS 2008) 
performance standard for passage survival of 93% for subyearling and 96% for 
yearling Chinook salmon and steelhead was used as the survival statistic for 
sample size calculation. The average bypass proportion of subyearling and 
yearling Chinook salmon and steelhead from past studies was used as the input 
for “proportion removed”. Proportion removed does not account for mortality as 
survival parameters are already specified in the model. Detection probabilities of 
90, 95, and 98% were used to run the single release model for subyearling and 
yearling Chinook salmon and steelhead (Appendix 1.2). The paired release-
recapture model was run accounting for multiple reaches (Figure 6) and three 
replicates with release group sizes linked assuming volitional release of 
treatment fish. It should be noted that variance was not included in this model 
with three replicates; however, sample sizes estimated were within an 
appropriate range. 

Testing a range of sample sizes provided SE used to create the curves in 
Figures 7 and 8. Subyearling sample size estimates and precision 95% ½ 
confidence intervals were 1170 (±0.005; 1-β = 0.99; 90% detection), 1040 
(±0.005; 1-β = 0.99; 95% detection), and 1000 (±0.005; 1-β = 0.99; 98% 
detection). Yearling Chinook and steelhead sample size estimates were 760 
(±0.006; 1-β = 0.99; 90% detection), 650 (±0.005; 1-β = 0.99; 95% detection), 
and 620 (±0.005; 1-β = 0.99; 98% detection). Graphical representations of 
confidence intervals can be found in Appendix 1.2. While these estimates should 
be confirmed by a statistician, they provide a good starting point for budgeting 
and planning.  

 

 



 

30 
 

4.2.3 Design Biases 
 

While this design is more accurate than the single release-recapture, paired 
release-recapture models provide biased survival estimates by systematically 
violating assumptions (Skalski et al. 2010). The paired release model can 
account for bias by allowing for separate estimation of dam and tailrace survival 
dependent upon location of detection arrays and release location of fish. Again, 
estimates of turbine survival will be negatively biased in the presence of mortality 
that is caused by handling but occurs after release in the tailrace control group. 
This scenario violates the assumption that fish released for the study are 
representative of the population of inference; however, the paired release groups 
R2 and R3 will have tag effects expressed similarly and may be used to remove 
tagging mortality bias from turbine survival estimates. 

 

Table 3 Paired Release-Recapture Model Assumptions 
1 Treatment and control groups are evenly mixed and travel together through downstream 

reaches (Ogden et al. 2008). 
2 The tag and/or tagging methods do not significantly affect the subsequent behavior of the 

marked individual (Guy et al. 1996; Axel et al. 2003; Ogden et al. 2008). 
3 Fish that die as a result of passing through a passage route are not subsequently detected 

at a downstream array which is used to estimate survival for the passage route (Ogden et 
al. 2008) 

4 Test fish are representative of the population of inference (Skalski et al. 1998; Axel et al. 
2003; Ogden et al. 2008) 

5 Test conditions are representative of the condition of inference (Skalski et al. 1998) 
6 The number of fish released is exactly known (Skalski et al. 1998) 
7 Tag codes are accurately recorded at the time of tagging and at all detection sites (Skalski 

et al. 1998) 
8 For replicate studies, data from different releases are statistically independent (Skalski et 

al. 1998) 
9 The fate of each individual is independent of the fates of all other fish (Skalski et al. 1998) 
10 All fish in each release group have equal survival and detection probabilities (Iwomoto et 

al. 1994; Skalski et al. 1998; Ogden et al. 2008) 
11 Prior detection history has no effect on subsequent survival and detection probabilities 

(Skalski et al. 1998; Axel et al. 2010) 
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Figure 7 Paired Release sample size estimates for subyearling Chinook salmon. Capture 
probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize paired 
release model using BiOp (NMFS 2008) performance standard survival of 93%. Sample sizes 
were calculated to achieve a passage survival estimate with a SE of ≤0.015. 

 

 

Figure 8 Paired Release sample size estimates for yearling Chinook salmon and steelhead. 
Capture probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize 
paired release model using BiOp (NMFS 2008) performance standard survival of 96%. Sample 
sizes were calculated to achieve a passage survival estimate with a SE of ≤0.015. 
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4.3  Virtual with Paired Release-Recapture Study Design (Skalski 2011; Appendix 2.0) 
  

Paired release analysis can be used to estimate survival for tailrace release groups. A 
joint likelihood model can be used to estimate dam survival and the estimate of variance. 
Akaike’s information criterion (AIC) and likelihood ratio tests can be used to determine 
the best model(s) for describing capture data and parameter estimates.  
 
The virtual with paired release-recapture study design has been employed at Lower 
Columbia and Snake River dams for Performance Standard Testing (NMFS 2008) and 
typically does not account for particular operations such as a specific turbine load. 
Performance Standard Testing evaluates overall dam survival during spring and summer 
smolt outmigration under typical BiOp (NMFS 2008) mandated powerhouse and spillway 
discharges. This study design may also include multiple dam passages where the 
upstream release groups combine to create a large virtual release group at subsequent 
dams (Skalski 2009). 
 
Figure 9 represents the virtual with paired release-recapture study release design and 
model assumptions are listed in Table 4.  

  

 

Figure 9 Virtual with Paired Release Release-Recapture Study Design (Skalski 2011) 
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4.3.1 Design Concepts 
 

Release-Recapture Virtual with Paired Release design eliminates the most bias 
of the release-recapture designs and provides a variety of results. 

1)  R1 is initial release group sufficiently upstream to allow for depth 
acclimation and normal fish distribution as they travel toward the dam 

2) V1 is the virtual release group where fish that survive the forebay are 
detected when they arrive at the dam face/turbine. 

3) R2 and R3 are paired releases downstream of the dam to separate 
tailrace predation mortality from dam passage mortality. 

4) The paired control releases downstream of the dam will be used to form a 
paired release-recapture model based estimate of survival.  The single 
release survival estimate will be divided by the paired release survival to 

form the unbiased estimate of dam survival S2/S3 : .   

 
5) Double 3D hydrophone arrays at the dam face will ensure detection of all 

fish reaching the dam/turbine for passage, and provide a vertical and 
horizontal distribution of approaching fish. 

6) A third downstream detection array may be used to provide absolute 
survival estimates containing no false positive detections. 

7) S1 provides a turbine passage survival estimate; S2 provides a control 
tailrace reach survival estimate; S3 provides control survival estimate 
from first downstream hydrophone array to the pool array.  

 
4.3.2 Sample Release Sizes (Skalski 2011; SampleSize Software 2011) 

 
SampleSize (2011) software was used to calculate the proper sample size for the 
virtual with paired release-recapture model. The BiOp (NMFS 2008) performance 
standard for passage survival was used for the dam survival (Sdam) parameter, 
the 11S parameter was taken from Skalski (2011), and 90, 95, and 98% detection 
probabilities were used to run the virtual with paired release model for yearling 
and subyearling Chinook salmon and juvenile steelhead (Appendix 1.3). Release 
group sizes were linked. Detection probability 1P  and 2P were linked and 12S and λ 
remained constant at 95%. The virtual with paired release-recapture model did 
not require reaches or replicates be specified. 
 
Testing a range of sample sizes provided SE used to create the curves in 
Figures 10 and 11. Subyearling sample size estimates and precision 95% ½ 
confidence intervals were 2590 (±0.029; 90% detection), 2550 (±0.029; 95% 
detection), and 2520 (±0.029; 98% detection). Yearling Chinook and steelhead 
sample size estimates were 1410 (±0.029; 90% detection), 1390 (±0.039; 95% 
detection), and 1370 (±0.029; 98% detection). Graphical representations of 
confidence intervals can be found in Appendix 1.3.  
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Virtual with paired release-recapture model methodology was detailed for Ice 
Harbor Dam by Skalski (2011) and estimated sample sizes of 2157-2537 were 
specified for subyearling Chinook salmon summer studies (Table 5). Skalski 
(2011) estimated sample sizes for spring yearling Chinook and steelhead studies 
were 1120-1192 (Table 5). Skalski (2011) averaged the best and worst case 
detection probability scenario sample sizes needed to obtain a SE of 0.015 and 
multiplied that value by 1.25 to account for unanticipated events, poor luck, and 
incorrect inputs into the sample size calculation.  

The sample sizes estimated for the virtual with paired release-recapture in this 
study design are similar for subyearling Chinook and a bit higher for yearling 
Chinook and juvenile steelhead than those estimated by Skalski (2011). This 
study design did not inflate estimated sample sizes as Skalski (2011) did by 
multiplying the estimates by 1.25. While these estimates should be confirmed by 
a statistician and it is recommended that sample sizes are inflated according to 
the methods of Skalski (2011).  
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Table 4 Virtual with Paired Release-Recapture Model Assumptions (Skalski 2011) 
1 Individuals marked for the study are a representative sample from the population of 

inference 
2 All sample events are “instantaneous” 
3 The fate of each individual is independent of the fate of all others 
4 All tagged individuals alive at a sampling location have equal probability of survival to the 

end of that event 
5 All tagged individuals alive at a sampling location have equal probability of being detected 

at on that event 
6 All tags are correctly identified and the status of specimen correctly assessed 
7 Survival in the lower river segment of the first reach is conditionally independent of survival 

in the upper river segment 
8 Releases V1, R1, and R2 experience the same survival probabilities in the lower river 

segments they share in common 
9 The virtual release group is constructed of tagged fish known to have passed through the 

dam 
10 All fish arriving at the dam have an equal probability of inclusion in the virtual release 

group, independent of passage route through the dam 
 

 

Table 5 Calculated sample sizes for releases R1, R2, and R3 based on best and worst case 
scenarios of survival/detection scenarios for compliance testing at Ice Harbor Dam (SE ≤ 
0.015). Recommended values calculated by 1.25X{(best and worst case)/2} (Skalski 2011). 

Stock Release Best 
Case 

Worst Case Recommended

Yearling 
Chinook, 
Steelhead 

R1 945 962 1,192 
R2, R3 each 888 904 1,120 

   Test Total 3,432 
     
     
Subyearling 
Chinook 

R1 2,017 2,041 2,537 
R2, R3 each 1,715 1,735 2,157 

   Test Total 6,851 
   Total for        

Three Species 
13,715 
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Figure 10 Virtual with Paired Release sample size estimates for subyearling Chinook salmon. Capture 
probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize virtual with paired 
release model using BiOp (NMFS 2008) performance standard survival of 93%. Sample sizes were 
calculated to achieve a passage survival estimate with a standard error of ≤0.015. 

 

Figure 11 Virtual with Paired Release sample size estimates for yearling Chinook salmon and steelhead. 
Capture probabilities (p) of 90, 95, and 98% detection were selected to run the SampleSize virtual with 
paired release model using BiOp (NMFS 2008) performance standard survival of 96%. Sample sizes 
were calculated to achieve a passage survival estimate with a standard error of ≤0.015. 
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4.4 Likelihood Analyses for Survival Estimation 

Likelihood analyses measure how well the data supports a specific value for a parameter 
and the probability of obtaining the observed data if the parameter equaled that value 
(Whitlock and Schluter 2009). The maximum likelihood estimate is the value of the 
parameter with the highest likelihood and subsequently the best estimate of the 
parameter (Whitlock and Schluter 2009). Maximum likelihood of a particular survival 
estimate may be determined as a function of detection probability and turbine 
operations. 

Maximum likelihood was calculated by Mathur et al. (1996) as follows: 



 

38 
 

For the above calculations, P=precision; R C = control release; R T = treatment release; a

C = number of control fish recaptured alive; d C = number of control fish recaptured or 

assumed dead; a T = number of control fish recaptured alive; d T = number of control fish 

recaptured or assumed dead; S = survival probability; P A = probability of recapturing a 

fish alive; P D = probability of recapturing a dead fish; τ = probability a treatment fish 
survives through the turbine; and 1- τ = turbine mortality. 
 
Joint likelihood may be calculated for a virtual with paired release-recapture study to 
estimate     S dam  (dam survival) and its variance directly by reordering the S 1 parameter 

(the first survival estimate downstream of the dam) to be a dam passage survival 
estimate including extra reach survival (Skalski 2011; Appendix 2.0). Skalski (2011) 
calculated the joint likelihood model as follows.  

 
 

Further calculation may be required for release groups that have spent different time 
period’s in-river, as well as testing tag, tag lot, and tagger effects (Skalski 2011). 
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5.0 Sample Size Discussion and Considerations 
 
While sample sizes generated for biological studies may differ depending upon a particular 
calculation method and the population of inference and associated parameters, SampleSize 
software accounts for parameters that are important for precise, accurate dam passage survival 
estimates. Sample size estimates for study designs detailed in Section 4.0 were calculated for 
volitional fish passage and full dam survival estimates; however, specific turbine passage 
metrics through the new turbines are of importance for the Ice Harbor Dam biological study. 
While release groups upstream of Ice Harbor Dam may be the most appropriate for estimating 
dam passage survival this may not be the most feasible approach in terms of sample size for 
estimating specific turbine passage survival.   
 
Sample season, dam operations and particular run or species (i. e. subyearling and yearling 
Chinook salmon and juvenile steelhead) affect survival estimates, route-specific passage 
proportions, and sample sizes. This section discusses examples of how operations, species and 
seasons affect sample size and subsequent costs for consideration in choosing a study design 
and justifying operations required to achieve meaningful results. 
 
The sample size estimate calculated with SampleSize software for the paired release acoustic 
telemetry study design with 95% detection probability was used to conduct a power analysis for 
spring and summer studies. Release groups for the paired release study design in this section 
are treated as upstream releases allowing volitional dam passage.  
 
The R statistical program (R Development Core Team 2008) and “pwr” package (Champely 
2012) were used to run an ANOVA power analyses with the same parameters as used in 
Section 4.1 (3 groups to include controls, effect size = 0.05, and α = 0.05). Target sample sizes 
were calculated to have a power of 0.80 which means providing 1285 fish per turbine unit using 
the above parameters to achieve statistically significant results. Survival estimates obtained with 
a sample size of at least 1285 fish will, in theory, have sufficient power to provide a statistically 
significant survival estimate among treatments and between treatments and control groups. If 
survival estimates with this level of significance are achieved it will be possible to detect a 
difference in survival between the existing and newly designed turbine runners (if a difference 
exists) and reduce the possibility of making a Type II error by accepting a false null hypothesis 
(H 0 : There will be no significant difference in turbine passage survival among the new and 

existing turbines at Ice Harbor Dam for yearling and subyearling Chinook salmon and 
steelhead). While the sample size of 1285 fish is greater than estimated using SampleSize 
software it will be used to illustrate the importance of dam operations and seasons when 
planning and implementing a biological study. 

Sample sizes were calculated based on route-specific passage proportions from past studies 
(Table 6) to estimate overall sample size necessary for turbines to receive enough fish to 
accurately estimate survival.  

 
5.1 Study Periods and Operations  

The biological study design could be implemented in several different seasons under 
various spill and powerhouse operations. Determining which season and operation 
condition(s) will be most beneficial to the study and the efficiency of project operations 
alike will be difficult. Choosing when and how to conduct the study will affect the 
accuracy and precision of resulting survival estimates and will be representative of 
conditions and runs associated with the particular periods.  
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Past studies have occurred during a variety of operations as detailed in Table 6. Turbine 
survival estimates at Ice Harbor Dam have not been reported in many past studies due 
to such a small proportion of fish passing through the powerhouse. Subyearling Chinook 
turbine survival at Ice Harbor Dam was estimated at 77.8% (95% CI = 68.5-87.0%) in 
2008; however, this estimate was generated from a single release study with pooled 
estimates for all treatments (Axel et al. 2010). This single estimate since 2003 is likely 
not representative of actual turbine passage survival to date or survival through the 
newly designed turbine runners.  

Many variables can affect the number of fish passing through turbines and operation 
may be more or less confounding depending upon study design. Project operations and 
study design will ultimately determine the number of study fish (tagged fish) necessary to 
achieve the desired sample size. Operations that allow more fish to pass through the 
turbines will obviously reduce the overall sample size necessary to achieve the power 
required for precise survival estimates. Direct releases into the turbine intakes require 
fewer fish per release group and are not affected by spill and bypass screens unlike 
studies that release fish upstream allowing alternate passage via the turbine intake 
bypass system, non-targeted turbines, and the spillway. The advantages and 
disadvantages of altering the level of spill and bypass screen operations are important to 
consider for proper study implementation to achieve the best results without directly 
affecting passage of the run-of-river populations during outmigration periods. 

Current operations for fish passage are listed in Table 1 and are described in the BiOp 
(NMFS 2008) and FPP and Appendix E FOP (USACE 2013b). 

5.1.1 Spring Pre-spill Study Period (March) 

A pre-spill study would provide a more robust turbine survival estimate and make 
it more feasible relative to fish passage season requirements to adjust turbine 
operations. Spill operations mandated by the BiOp (NMFS 2008) and the FPP 
(USACE 2013b) will not need to be altered during this period and the peak of the 
run of yearling Chinook and juvenile steelhead will likely not have begun. This 
period is only applicable to yearling Chinook salmon and steelhead and a study 
during this period may only be possible if high river flows do not force spill.  

Hatchery fish will be required for a pre-spill study period. During this period it may 
be difficult to determine fish performance due to the possibility of delayed 
migration. This period may be too early for these fish to actively migrate. Study 
fish may hold up in the forebay if fish are released upstream of the dam or in the 
downstream pool prior to reaching the last detection array. 

Predation is likely to be lower during this period which would not be 
representative of typical outmigration conditions and may bias survival estimates 
high; however, the physical passage conditions would be representative of the 
spring emigration period. While pre-spill may not be an “in-season” period, river 
and powerhouse operating conditions would be comparable to spring migration 
conditions.  

The possibility of releasing fish pre-spill and under normal operations prior to the 
typical spring outmigration peak would provide optimum conditions for turbine 
passage relative to project operations and sample size requirements. Also, the 
absence of bypass screens during this period will provide 100% turbine passage 
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which would be beneficial to the study in terms of reducing the number of fish 
required to achieve statistically significant survival estimates. If fish were 
released for volitional passage a sample size of 7,710 fish would provide enough 
power to accurately and precisely estimate survival assuming the full 
powerhouse is in operation and fish are equally distributed across the 
powerhouse. Assuming two control releases of approximately 500 fish a total of 
8,710 would be needed to test one turbine operation. The estimated cost of 
8,710 Juvenile Salmonid Acoustic Telemetry System (JSATS) tags is 
$1,742,000. 

5.1.2 Spring Spill Study Period (April 3rd – June 20th) 

During the spring spill period, operations at Ice Harbor Dam require spilling of 
45kcfs during daylight hours and gas cap at night which may be up to 95kcfs 
(Table 1). Ten year average daily project discharge between April 1st and June 
20th, 2004-2011 at Ice Harbor was 89.56kcfs with 51.04kcfs spill (GDACS 2012). 
The 40 year average daily project discharge is approximately 90kcfs (Figure 12) 
during the spring period. Past studies have reported an average of 57% of 
yearling Chinook and juvenile steelhead passing via spillway at Ice Harbor (Axel 
et al. 2003, 2005, 2007a, 2007b). The remaining detected fish that enter the 
powerhouse are split between the JBS and turbine passage routes. The JBS 
screens may guide 79-88% of fish (depending on run) entering the powerhouse 
into the bypass system (Table 6) thus reducing the statistical power of the study 
by reducing the turbine passage sample size. 

If screens were pulled, but spill remained, approximately 20% of study fish would 
pass through the turbine units compared to an average of about 4% with screens 
installed (Table 6). 

If spill were reduced for up to 36 hour blocks (one block per turbine operation 
dependent upon river flow and run timing) the potential of passing up to 57% or 
more fish through the powerhouse (depending upon study design) will allow for a 
much more powerful study requiring fewer fish and tags. Adjusting spill in blocks 
has not been performed in past studies and may not be an acceptable operation. 
This would need to be coordinated with dam operations and Regional 
stakeholders during the fish passage season. 

5.1.2.1 Influence of Spring Operations on Sample Size and Costs 

Paired release sample sizes for yearling Chinook salmon and juvenile steelhead 
detailed in Section 4.2 were approximately 650 per release group with a 95% 
detection probability. This estimate was generated assuming treatment and 
control release groups were identical. For the majority of the spring spill season 
all 6 turbine units are in operation so full powerhouse passage is assumed. 

Hypothetically, if 650 fish are volitionally released under a paired release-
recapture study design with the full powerhouse and spillway in operation, 371 
(57% for spring runs; Table 6) of those fish on average could pass via spillway 
leaving 279 fish for powerhouse passage. With screens in place approximately 
12 fish (4%; Table 6) of the 279 fish entering the entire powerhouse would pass 
through turbines. Per unit turbine passage assuming equal horizontal distribution 
across the powerhouse is 12/6= 2 fish. The power of 2 fish passing through one 
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turbine is 0.05. Under this operation 192,000 fish would need to enter the 
powerhouse to achieve the minimum sample size of 1285 fish per turbine unit 
and a power of 0.80. Assuming two control releases of approximately 500 fish a 
total of 193,000 fish would be needed to test one turbine operation. The 
estimated cost of 193,000 JSATS tags alone is greater than $38 million. 

Conversely, operating the dam without spill or screens (representative of the 
March pre-spill period) 100% of the sample size (650 fish) would pass through 
turbines. Per unit passage would be 650/6=108 fish. The power of 108 fish 
passing through one turbine is 0.10 which is still poor. Under this operation the 
sample size would need to be 7,710 to provide 1,285 fish per turbine unit. 
Assuming two control releases of approximately 500 fish a total of 8,710 fish 
would be needed to test one turbine operation. The estimated cost of 8,710 
JSATS tags alone is $1,742,000. This is the most cost effective operation for a 
turbine survival study. Not only does this operation scenario greatly reduce the 
number of tags, fish and labor required to achieve meaningful results, but the 
cost of the study is approximately 22 times less expensive relative to fish and 
tagging requirements with the full project in operation. 

It should be noted that operations without screens are not representative of 
typical fish passage operations; however, turbine survival estimates will be 
representative of turbine performance. 

5.1.3 Summer Study Period (June 21st – August 31st) 

During the summer spill period, operations at Ice Harbor Dam require alternating 
every three days between spilling of 30% river volume 24 hours per day and 
spilling 45kcfs during the day and gas cap at night which may be up to 95kcfs 
(Table 1). Ten year average daily project discharge between June 21st and 
August 31st, 2004-2011at Ice Harbor was 49.32kcfs with 28.73kcfs spill (GDACS 
2012). The 40 year average daily project discharge is approximately 60kcfs 
(Figure 12) for the summer period. Past studies have reported an average of 
58.6% of subyearling Chinook salmon passing via spillway at Ice Harbor Dam 
(Ogden et al. 2005, 2007, 2008; Axel et al. 2010). An in-season study with spill 
would produce a turbine survival estimate under normal operating conditions 
providing comparable estimates between new and old runners, but again, the 
bypass system would intercept the greater portion of powerhouse passed fish 
leading to an inaccurate and potentially imprecise turbine survival estimate due 
to small sample size. 

Turbine passage proportion was reported as high as 7.4% with no spill (Eppard 
et al. 1998) and averaged 2.2% under various spill treatments between 2004 and 
2009 for subyearling Chinook salmon (Table 6; Ogden et al. 2005, 2007, 2008). 
Axel et al. (2010) reported that 27.8% of subyearlings passed via JBS. When 
combined with the turbine passage proportion it was estimated that 31.7% of 
subyearlings entered the powerhouse. Again, if screens were pulled it would lead 
to an average 13.2% increase in the number of released fish passing through the 
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Table 6 Summary of past study results at Ice Harbor Dam 

Yearling Chinook 

Spill Treatment (day/night)  Spillway RSW Juvenile Bypass Turbine 
Concrete 
Passage 

Year Operation Passage % Survival Passage % Survival Passage % Survival Passage % Survival Survival 

2005 Bulk Spill 82% spill 98.5 97.1 --- --- 1.1 N/A 0.4 N/A 96.8 

2005 RSW 34% spill 48.6 95.8 29 97 15.7 99.7 6.7 N/A 96.1 

2006 Gas Cap/45 kcfs day with RSW 58% spill 46.9 96.9 33.1 95.5 15.1 97.3 4.9 N/A 96.2 

2006 30%-40% Spill with RSW 33% spill 22.1 98 51.3 94.7 19.1 98.3 7.5 N/A 96.1 

2007 Gas Cap/45 kcfs day with RSW 68% spill 51.3 95.5 42 94.5 4.6 N/A 2.1 N/A 95.8 

2007 30% Spill with RSW 31% spill 16 96.8 59 95.3 16.4 N/A 8.6 N/A 94.9 

2008** Gas Cap/45 kcfs day with RSW 63% spill 53.8 96 23.4 96.5 17.9 99.2 4.9 N/A 97.3 

2008** 30% Spill with RSW 35% spill 21.3 97.4 34.3 92.6 37.8 95.4 6.6 N/A 95.3 

2008 Pooled results 71{42.7} 
96.6(0.953-

0.978) 28.3 
95.3(0.927-

0.979) 23.9 
97.7(0.954-

1.000) 5.2 
94.3(0.889-

0.996) 96.6(0.96-0.98) 

2009 30% Spill with RSW 30% *76.6{19.7} 93.9(0.012) 56.9 93.9(0.016) 21.3 94.1(0.035) 2.1 N/A 94.1(0.02) 

2009 BiOp Spill with RSW *93.2{62} 92.5(0.017) 31.2 93.0(0.025) 5.8 85.4(0.054) 1 N/A 93.1(0.01) 

2009 50% Spill with RSW 50% *80.8{46.4} 92.1(0.016) 34.4 91.1(0.027) 16.2 86.1(0.047) 3 N/A 91.4(0.02) 

2009 Average of 3 spill treatments *83.5{42.7} 92.8 40.8 92.6 14.4 88.5 2.3 N/A 92.9 

Mean 58.7 95.5 38.6 94.3 16.1 94.2 4.3 95.1 
        Mean Powerhouse Passage Proportion: 20.4         

Mean JBS/Turbine Proportions Without Spill: 78.9%/21.1% 

Steelhead 

Spill Treatment (day/night) Spillway RSW Juvenile Bypass Turbine 
Concrete 
Passage 

Year Operation Passage % Survival Passage % Survival Passage % Survival Passage % Survival Survival 

2005 Bulk Spill 82% spill 96.9 100 --- --- 2.3 --- 0.8 N/A 99.3 

2005 RSW 34% spill 30 98 47 98.5 20.8 101.5 2.2 N/A 97.3 

2006 Gas Cap/45 kcfs day with RSW 58% spill 50 102.4 30.9 98.4 17.7 101 1.4 N/A 100.9 

2006 30%-40% Spill with RSW 33% spill 23.9 101.9 37.5 101.7 36.6 99.7 2 N/A 100.7 

2007 Gas Cap/45 kcfs day with RSW 68% spill 42 96.7 53.2 98 3.8 N/A 1.0 N/A 96.4 

2007 30% Spill with RSW 31% spill 12 97.2 74.1 97 11.8 N/A 2.0 N/A 97.3 

2008** Gas Cap/45 kcfs day with RSW 63% spill 53.4 97.2 35.6 96.6 9.9 90.5 1.1 N/A 97.1 
2008** 30% Spill with RSW 35% spill 20.9 97.1 56.4 96.7 21.5 94.9 1.2 N/A 96.2 

2008 Pooled results 83.8{39.1} 
97.3(0.962-

0.985) 44.7 
97(0.954-

0.986) 15 
97.1(0.947-

0.996) 1.2 N/A 97(0.96-0.98) 

2009 30% Spill with RSW 30% *69.9{22.8} 94.0(0.012) 47.1 92.3(0.023) 29.6 94.4(0.021) 3 N/A 94.3(0.01) 

2009 BiOp Spill with RSW *88{61.1} 95.8(0.006) 26.9 92.7(0.022) 10.9 93.5(0.069) 9 N/A 95(0.01) 

2009 50% Spill with RSW 50% *72.2{42.6} 91.3(0.018) 29.6 88.5(0.034) 26.8 87.5(0.040) 4 N/A 90.1(0.02) 

2009 Average of 3 spill treatments *76.7{42.2} 93.7 34.5 91.2 22.4 91.8 0.3 N/A 93.1 

Mean 55.3 97.1 43.1 95.7 17.6 95.2 2.2 96.5 
        Mean Powerhouse Passage Proportion: 19.9         

Mean JBS/Turbine Proportions Without Spill: 58.5%/11.5% 
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Table 6 (continued) Summary of past study results at Ice Harbor Dam 

Subyearling Chinook 

Spill Treatment (day/night) Spillway RSW Juvenile Bypass Turbine 
Concrete 
Passage 

Year Operation Passage % Survival Passage % Survival Passage % Survival Passage % Survival Survival 

2004 Bulk Spill 78.1 --- --- --- 1.3 --- 1 --- --- 

2004 Flat Spill 84.1 --- --- --- 3 --- 1 --- --- 

2005 Bulk Spill 84% spill 98.5 100 --- --- 0.9 N/A 0.6 N/A 99.9 

2005 RSW 46% spill 17.3 98.9 60 99.7 7.8 98.8 4.9 N/A 98.6 

2006 Combined treatments 53.6% spill 26 98 68 98 4.2 N/A 1.8 N/A 97.7 

2007 Gas Cap/45 kcfs day with RSW 73% spill 53.4 100.2 43.4 101.4 2.7 N/A 0.5 N/A 95.8 

2007 30% spill with RSW 44% spill 9.9 102.1 73.7 102.9 11.6 N/A 4.8 N/A 95.5 

2008** Combined treatments 56% spill 41.6 
94.2(0.926-

0.958) 26.7 
92(0.891-

0.948) 27.8 
92.9(0.903-

0.956) 3.9 
77.8(0.685-

0.870) 93.3(0.92-.095) 

2009 30% Spill with RSW 30% *62{22.6} 88.5(0.015) 39.4 91.9(0.014) 34.6 95.8(0.015) 3.4 N/A 91.3(0.01) 

2009 BiOp Spill with RSW *92.8{69.2} 88.6(0.013) 23.6 87.7(0.016) 6.5 96.1(0.023) 0.7 N/A 89.6(0.02) 

2009 Combined treatments *77.4{45.9} 88.5(0.008) 31.5 90.6(0.011) 20.5 95.9(0.011) 2.0 N/A 90.4(0.01) 

Mean 58.6 95.4 45.8 95.4 11.0 95.9 2.2 94.7 
        Mean Powerhouse Passage Proportion: 13.2         

Mean JBS/Turbine Proportions Without Spill: 83.3%/16.7% 

*Spillway - RSW passage is in { }                   
**All survival estimates for 2008 are single release. 
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Figure 12 Ice Harbor Dam mean daily discharge for the period of October 1971-September 2011. 
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turbine units compared to an average of approximately 2% with screens installed 
(Table 6). 

If spill were reduced or cut for up to 36 hour blocks (one block per operation 
dependent upon river flow and run timing) the potential of passing up to 59% 
more fish through the powerhouse (depending upon study design) will allow for a 
much more powerful study. Adjusting spill in blocks has not been performed in 
past studies and may not be an acceptable operation. This would need to be 
coordinated with dam operations and Regional stakeholders during the fish 
passage season. 

5.1.3.1 Influence of Summer Operations on Sample Size and Costs 

During the summer study period the full powerhouse is typically not in operation 
at Ice Harbor due to low flow conditions and mandatory spill requirements. 
Powerhouse operations during the summer fish passage season in 2011 went 
from full powerhouse operation into the beginning of July down to four units 
running by July 5th, three units by July 20th and one unit by July 26th. Powerhouse 
operations during the 2012 summer fish passage season were already down to 
five units by June 1st. Low flow conditions caused powerhouse loading to 
periodically run four to six units at once by June 10th, however, by June 29th, only 
four units were systematically loaded for power production and off-line much of 
the time. Only unit 1 operated by July 15th with no systematic loading of the 
remaining units. This variability in summer operations provides evidence that the 
full powerhouse may not be in operation during this study period so the following 
will be based on three units running as a more realistic powerhouse operation.  

Paired release sample sizes for subyearling Chinook salmon detailed in Section 
4.2 were approximately 1040 per release group with a 95% detection probability.  
This estimate was generated assuming treatment and control release groups 
were identical. 

Hypothetically, if 1040 fish are volitionally released under a paired release-
recapture study design with three turbines and the full spillway in operation, up to 
614 (59%; Table 6) of those fish could pass via spillway leaving 426 for 
powerhouse passage. With screens in place only approximately 9 fish (2%; Table 
6) of the 426 fish entering the entire powerhouse would pass through turbines. 
Per unit turbine passage assuming equal horizontal distribution across the 
powerhouse is 9/3=3 fish. A sample size of 3 fish has a power 0.05. Under this 
operation 188,700 fish would need to enter the powerhouse to achieve the 
minimum sample size of 1285 fish per turbine unit and a power of 0.80. 
Assuming two control releases of approximately 500 fish a total of 189,700 fish 
would be needed to test one turbine operation. The cost of 189,700 JSATS tags 
alone is greater than $37 million. 

Conversely, without spill or screens (equivalent to a September, no-spill summer 
study period) 100% of the sample size (1040 fish) would pass through turbines. 
Per unit passage would be 1040/3=346 fish. The power of 346 fish passing 
through one turbine is 0.28 which is better, but still does not reach the target 
power of 0.80. Under this operation the sample size would need to be 3,855 to 
provide 1,285 fish per turbine unit. Assuming two control releases of 
approximately 500 fish a total of 4,855 fish would be needed to test one turbine 
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operation. The estimated cost of 4,855 JSATS tags alone is $971,000. This is the 
most cost effective operation for a turbine survival study. Not only does this 
operation scenario greatly reduce the number of tags, fish and labor required to 
achieve meaningful results, but the cost of the study is approximately 40 times 
less expensive relative to fish and tagging requirements with the full project in 
operation. 

It should be noted that operations without screens are not representative of 
typical fish passage operations; however, turbine survival estimates will be 
representative of turbine performance. 

5.1.4 Seasons, Operations and Sample Size Conclusions 

While the sample sizes and associated cost of JSATS tags in this section are 
hypothetical examples of the influence of project operations and different 
runs/seasons on sample size requirements and subsequent costs, they do 
elucidate the importance of proper planning, budgeting, and Regional 
cooperation and coordination. Based on the results of the power analyses, 
conducting the study either without spill or guidance screens in operation would 
provide the most feasible conditions for upstream releases allowing volitional fish 
passage (Table 7).  

Power analyses were conducted and sample sizes estimated assuming equal 
horizontal distribution and passage of study fish across the powerhouse which is 
highly unlikely. It should be noted that the ANOVA power analysis is a simple 
analysis and does not account for ecological variation, acoustic detection 
probability, or survival parameters that may require larger sample sizes. The 
SampleSize software differs from the power analysis by evaluating sample size 
based on actual parameters of expected results and acoustic detection 
probability of the acoustic telemetry studies of interest.  
 
As stated in Section 4.0, it is advised that a statistician formulate appropriate 
sample size estimates prior to conducting the biological study regardless of 
which design and release methodology is decided upon.  
 

Table 7 Summary of hypothetical sample size estimates and associated costs for JSATS tags 
under different sample seasons and project operations. These estimates demonstrate the 
importance of proper planning and coordination when implementing acoustic telemetry studies. 

 Spring Pre-Spill Spring Spill Summer* 

Operations 
Sample 

Size Est Cost


 
Sample 

Size Est Cost


 
Sample 

Size Est Cost


 

Full PH and 
spill 

NA NA 193,750 > $38 mil 189,700 > $37 mil 

No Spill NA NA 37,714 $7,542,800 24,083 $4,816,766 

No Screens NA NA 18,930 $3,786,000 10,204 $2,040,975 

No Spill/No 
Screens 

8,710 $1,742,000 8,710 $1,742,000 4,855


 $971,000


 

*Summer study period sample sizes estimated for only 3 turbine units operating  


Estimated cost based on the purchase of JSATS tags only at $200 each. 


Equivalent to a summer post-spill study not detailed in Section 5.0 
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5.2 Predation Considerations  
  

Spring and summer study periods at Ice Harbor Dam will provide different tailrace 
scenarios regarding predation for juvenile salmonids passing the project. There is 
evidence of predation being greater during summer outmigration rather than spring; 
however, this may not be clear among all projects, between the Lower Columbia and 
Snake Rivers, or between aquatic and avian predators. Predation effects on smolt 
survival should be considered when conducting survival studies with telemetry methods; 
however, telemetry methods do not allow for differentiating among factors of mortality 
when estimating survival.  

5.2.1 Piscivorous Fish  

Northern Pikeminnow (Ptychocheilus oregonensis) distribution was studied in the 
Lower Granite Dam tailrace during the 1992-1993 outmigration seasons (Isaak 
and Bjornn 1996). Density and distribution of radio-tagged pikeminnow coincided 
more with subyearling Chinook salmon outmigration than yearling Chinook and 
steelhead. Spring and summer periods were correlated with spill patterns. 
Results suggested that 91% of tagged pikeminnow occupied areas near the 
navigation lock and stilling basin during pre-spill periods while 71% occupied 
areas north of the navigation lock during spill periods. These fish migrated south 
of the navigation lock post-spill during late summer; hence, pikeminnow 
distribution was inversely related to river discharge. 

Rieman et al. (1991) identified differences in densities of pikeminnow and 
Smallmouth Bass (Micropterus dolomieu) in the Lower Columbia and Snake 
Rivers and estimated approximately 85,000 pikeminnow and 35,000 smallmouth 
bass in the John Day pool within a three year study period sampling April-August. 
Highest predation rates were noted in July and August and pikeminnow 
accounted for 78% of salmonid loss where smallmouth bass accounted for only 
9% (Rieman et al. 1991). Similarly, Zimmerman (1999) estimated pikeminnow 
consumed >84% juvenile salmonids across spring and summer seasons and 
study years in the Lower Columbia River. 

Near Ice Harbor, smallmouth bass relied on juvenile salmonids for up to 59% of 
their diet (Tabor et al. 1993) and 66% at Lower Granite Dam (Zimmerman 1999) 
during spring samples. Necropsy provided evidence of an inverse relationship 
between pikeminnow and smallmouth bass predation compared to the findings of 
Rieman et al. (1991). Tabor et al. (1993) determined that smallmouth bass 
consumed approximately 1.87 smolts per day where pikeminnow consumed 
approximately 0.64 smolts per day overall. Larger smallmouth bass (≥280mm FL) 
among those sampled consumed the greatest number of smolts (mean = 3.31 
smolts per specimen examined) where smaller pikeminnow (250-349mm FL) 
among those sampled consumed the greatest number of smolts (mean = 1.25 
smolts per specimen examined). Tabor et al. (1993) also found predation rates 
for both smallmouth bass and pikeminnow decreased between May and June. 

Ward et al. (1995) created a predation index for pikeminnow at Ice Harbor Dam 
via sampling and necropsy of specimens between April and August. The index 
was created such that index values increased with higher predation rates. 
Predation was typically higher during the summer months; however, the 
predation index for Ice Harbor Dam was 2 during spring and 0 during summer. 
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Complimentary to the findings of Tabor et al. (1993), Ward et al. (1995) found 
pikeminnow predation to be greatest among fish ≥250mm FL and this cohort 
showed moderate relative density in the Ice Harbor tailrace boat restriction zone 
(BRZ).  

Overall, northern pikeminnow and smallmouth bass pose less predation threat to 
juvenile salmonids passing Snake River dams than Columbia River dams. Spring 
appears to have greater predation rates on the Lower Snake River (Tabor et al. 
1993; Ward et al. 1995) although summer low flow periods may allow 
pikeminnow to capitalize on juvenile salmonids (Rieman et al. 1991; Zimmerman 
1999). There is potential for piscivorous fish predation to moderately influence 
juvenile salmonid survival during both spring and summer periods dependent 
upon predator density, river discharge and water temperature. 

5.2.2  Avian Predation 

A synthesis report compiled by Roby et al. (2011) summarized the effects of 
avian predation on juvenile Chinook salmon by the Crescent Island Caspian Tern 
(Hydroprogne caspia) colony and the Foundation Island Double-Crested 
Cormorant (Phalacrocorax auritus) colony in the mid-Columbia River. These 
avian colonies are located near Pasco, Washington, and the mouth of the Snake 
River. Ice Harbor Dam is located near the mouth of the Snake River 
approximately 15.6 kilometers upstream of the Columbia River and the avian 
colonies of Crescent and Foundation Islands.  

Lyons et al. (2011) estimated that approximately 1 million smolts were consumed 
annually by these two avian colonies during the study years of 2004-2009. 
Caspian terns relied on smolts for 63-70% of their diets, and often over 80% 
during the nesting season. This large proportion of salmonids in the tern diet 
decreased to ≤ 50% by July once young had fledged (Lyons et al. 2011). 
Cormorants consumed a smaller proportion of smolts with an average of 22% 
between April and early July, but up to 52% between late April and late May 
while feeding young (Lyons et al. 2011). With Ice Harbor Dam located so close to 
these two colonies the likelihood of increased avian predation during the spring 
(April-May) may be relatively high compared to the summer months. 

Overall predation rates of spring, summer, and fall Chinook salmon by Crescent 
Island terns appears to be fairly constant across Snake River runs, while overall 
salmonid predation has been reported to range from 0.4-7.4% depending on 
species and stock (Evans et al. 2011). Predation rates from the Foundation 
Island cormorant colony on Snake River runs were 0.3-2.0% depending on 
species.  

Overall findings stated in the synthesis report suggest that Caspian terns and 
double-crested cormorants are responsible for most predation losses of juvenile 
Chinook salmon in this mid-Columbia region (Roby et al. 2011). According to 
Lyons et al. (2011) spring migrants may experience higher avian predation rates; 
however, with overall predation rates of approximately 2.0% for all Snake River 
Chinook stocks (Evans et al. 2011) there may be very little noticeable effect on 
survival rates of study fish due to avian predation. 
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5.2.3 Predation Summary 

Survival estimates will likely carry some degree of predation bias as study fish 
that passed through turbines without harm may still be preyed upon; however, an 
estimate of tailrace predation at Ice Harbor Dam is unknown for acoustic 
telemetry studies and may vary with tailrace conditions. The spring study period 
appears to have the greatest potential for predation to affect survival estimates at 
Ice Harbor Dam. Avian and piscivorous fish predation reportedly declines later in 
the summer despite the increase in northern pikeminnow distributions relative to 
the subyearling Chinook outmigration in July and August. A pre-spill study period 
would likely have lower predation rates due to cooler water temperature and 
avian colonies not being fully established. A late summer post-spill study would 
likely see moderate aquatic predation with reduced avian predation rates as 
young birds will have left the nest at this time.  

Tailwater elevation, hydraulic conditions, and water temperature all play 
important roles in predation as well. Under full spill a large eddy may form 
downstream of the JBS outfall pipe. This eddy re-circulates upstream in front of 
the powerhouse and may provide more suitable conditions for predators. Later in 
the summer when spill and powerhouse operations are cut back a large area of 
stagnation and warmer water temperatures may occur between the powerhouse 
and spillway. This stagnation may provide suitable conditions for predators, both 
aquatic and avian, to mill around and target subyearling Chinook.  

Relative to sample size estimates the survival probabilities used with SampleSize 
software should estimate sufficient sample sizes accounting for predation in the 
tailrace control survival estimates. As recommended by Skalski (2011) the 
sample size estimates should be increased by 1.25 to provide a cushion for 
errors that could include heavy predation, should it occur. 
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6.0  Proposed Tagging Methods (JSATS)  

Tagging fish has been a common practice of fisheries management and research for many 
years, and, historically, tagging fish for behavioral studies has included many different tag types. 
Among those tag types are opercular buttons and straps, internal anchor, Peterson disc, and 
both internal and external radio tags (Guy et al. 1996) and acoustic transmitters.  Currently, 
technological advancements and research have greatly reduced the size of transmitters. With 
smaller designs, external and internal options are much less stressful on fish which may lead to 
more accurate study results.   

Relative to turbine survival estimates, the utility of smaller acoustic tags should prove superior to 
a larger tag, particularly with internal tags. Fish exposed to severe pressure changes within the 
runner environment during passage may be less likely to suffer barotraumas when tagged with 
smaller internal transmitters (Brown et al. 2009, 2012; Carlson et al. 2012). Results from 
Carlson et al. (2012) suggest that the ratio of pressure change (fish neutrally buoyant 
pressure/nadir pressure) coupled with tag burden greatly influence the probability of mortal 
injury from barotrauma (Figure 13). 

Tagging methods used to conduct a turbine survival test (TST) should be considered prior to 
implementation. Tag choice may introduce unnecessary bias relative to tag burden causing less 
accurate survival estimates. The following are some tag options to consider for passage and 
survival studies at Ice Harbor Dam following replacement of turbine runners in Units 2 and 3. 
Pros and cons of external and internal tags are found in Tables 8 and 9, and general tagging 
assumptions in Table 10.  

 

Figure 13 Probability of mortal injury and associated tag burden for juvenile Chinook salmon 
defined by the natural log or the ratio of pressure change (Carlson et al. 2012). 
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6.1 Internal tag (Carlson et al. 2010) 

6.1.1 Tag Specifications 

Researchers at Pacific Northwest National Laboratory (PNNL) are currently 
working toward an injectable JSATS acoustic transmitter. Current internal JSATS 
acoustic tags with a single battery and are small enough to keep tag burden fairly 
low (Single battery tag volume 0.11mL; tag burden (Median: 1.49%; Range: 0.27-
4.69)) when surgically implanted in subyearling fall Chinook salmon. Conversely, 
tag burden associated with internal tags, regardless of magnitude, can be 
harmful to test specimens and may bias turbine survival estimates. Carlson et al. 
(2010) found tag burden, fish length, and condition factor all to be significant 
predictors of mortal injury in fish exposed to simulated turbine pressures (P < 
0.0001). 

6.1.2 Internal Tag Surgical Procedures 

Fish handling and surgical procedures have been detailed by Axel et al. (2011; 
Appendix 3.0) and Deters et al. (2012) for the internal JSATS tag.  

The posterior aspect of the incision should be 3-5mm anterior of the pelvic girdle.  
The incision should be made along the linea alba and should be approximately 5-
6mm in length. Following insertion of the transmitter(s) the incision is closed with 
two interrupted sutures secured with a 1X1X1X1 knot (four single-wrap throws in 
alternating directions) using Ethicon Monocryl suture material.  

 

6.2 External Tag (Deng et al. 2011, 2012) 

6.2.1 Laboratory Test Results and Specifications 

In support of the USACE turbine survival program PNNL has developed and 
tested a neutrally buoyant external shell for JSATS acoustic tags (Figure 14). 
These tags provide no added mass to the fish, are less invasive than internal 
tags, and provide no unnatural pressure on internal organs during Nadir spike. 
Laboratory studies suggest that the Type A external tag applies minor 
hydrodynamic drag on fish and the mean critical swimming speed of juvenile 
Chinook salmon tagged with the Type A external tag is approximately 5cm/s 
slower than untagged control fish (Janak et al. 2012).  

The JSATS transmitter source level when encased in the neutrally buoyant shell 
is approximately 153dB; an acceptable level for high detection probability. The 
unit dB refers to sound pressure regarding the signal transmitted by the JSATS 
tag and is defined as sound pressure level relative to 1 micro Pascal of force 

Table 8 Pros and Cons of Internal JSATS Tag  
Pro Con 

1 Well used, reliable tag; 1 Tag burden still increases risk of injury; 
2 Quantifiable tag burden/pressure effects = 
    barotrauma mortality estimate/survival 
    correction;  
3 Tag life correction for survival estimates 

2 Sub-lethal pressure injury due to tag   
    burden not well quantified = higher  
    survival est. variance 
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exerted on the JSATS receiver at 1m distance. The sound pressure level is 
usually defined using root mean square pressure.  

Tag loss was moderate in laboratory studies at 5% (N=21; loss=1), and field 
studies at 10% (N=30, loss=3; Brown et al. 2013). No mortality was experienced 
during laboratory pressure and shear testing of fish carrying the external tag and 
field testing resulted in no significant differences in survival between internal and 
external tagged fish up to approximately 7 days in-river (Brown et al. 2013). 
Further, no significant difference in detection efficiency was found between 
internal and external tags (Brown et al. 2013).  

6.2.2 External Tag Surgical Procedures 

Fish handling and surgical procedures for the external tag are detailed in Deng et 
al. (2011, 2012). 

Type A external tags should be attached anterior to the dorsal fin with two 
sutures, each with a 2X2X2X2 knot. Absorbable monofilament or Ethicon Vicryl 
Rapide absorbable suture material should be used (Deters et al. 2012). The 
Ethicon Vicryl Rapide is a faster absorbing suture material which will allow for 
faster tag release. 
 
 

 

Figure 14 External JSATS Type A sutured to juvenile Chinook salmon (Deng et al. 2011). 

 

Table 9 Pros and Cons of External JSATS Tags  
Pro Con 

1 No internal injury or buoyancy issues related to 
    tag burden 

1 Data from field test not yet analyzed 

2 No internal surgery required 2 Moderate tag loss possible 
 

6.3 Injectable JSATS Tag 

 6.3.1 Tag Specifications 

In March 2013 the prototype injectable JSATS tag is supposed to be ready for 
testing. The injectable JSATS tag will be comparable to a PIT tag in shape and 
slightly larger in size. If the injectable JSATS tag is ready for mass use for this 
biological study it may be the best option. The feasibility of injecting a JSATS tag 
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into thousands of fish is great due to reduced handling and tagging effort 
required relative to surgically implanted or attached tags.  

Injectable JSATS tags would also provide the same detection probability as the 
surgically implanted or attached tags with reduced tag burden. Although tag 
burden would still be present, a risk analysis would provide a good estimate of 
the extra mortality associated with this tag relative to turbine pressures and 
survival estimates. 

 

Table 10 Tagging Assumptions (Guy et al. 1996) 
1 Tagged fish can be recognized as such 
2 Tagged fish will retain their tags 
3 Mortality rates are relative between tagged fish and the population of inference
4 All tags are correctly identified and the status of specimen correctly assessed 
5 Tags do not affect fish behavior 
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7.0  Balloon Tag Study  

A balloon tag study to determine direct injury and mortality of turbine passage for the new unit 2 
and 3 runners at Ice Harbor Dam (objectives 3 and 4) should follow methods of previous studies 
at Rocky Reach, Wanapum, and Ice Harbor Dams (Normandeau and Skalski 1996a, 1996b; 
Normandeau et al. 2008). Study fish should be directly released into the turbine intakes at 
predetermined elevations for the purpose of passing fish through general regions of the turbine 
runner. The same turbine operations tested in the acoustic telemetry study specified in objective 
1 should be used for the balloon tag study. The release locations should be determined and/or 
verified through physical hydraulic model investigations using the ERDC 1:25 scale model Ice 
Harbor turbine. 

The primary objectives of the balloon tag study are to 1) estimate direct injury of turbine passed 
fish at the appropriate turbine operations; and 2) relate direct injuries to specific mechanisms 
within the turbine unit (i. e. blade strike, shear, etc.). The secondary objective is to compare the 
results of the primary objectives with previous balloon tag studies to determine if benefits 
(reductions in injury do to strike and shear) of the new turbine designs can be quantified and 
compared to existing turbines.  

7.1 Pre-Release Tagging and Fish Handling (Heisey et al. 1992; Normandeau and 
Skalski 1996b) 

Lots of 5-10 fish should be randomly selected and moved to an adjacent tagging site. 
Fish displaying abnormal behavior, injury, fungal infection, or descaling (>20%) should 
not be used for the study. Specimens should be equipped with two deflated balloon tags 
and a radio tag. Tags should be attached with a stainless steel pin through the 
musculature below the dorsal and adipose fins (Figure 15). A uniquely numbered Visual 
Implant (VI) tag should be inserted in the post-ocular tissue for use in the 48h survival 
study, and identification of the fish given the loss of the radio tag. 

Prior to release through the induction apparatus fish should be allowed to recover from 
anesthesia in a tub continuously supplied with ambient river water. Fish should be 
individually placed into the induction system holding tub. The expected inflation time of 
the balloon tags after injecting the appropriate volume of water is approximately 2-4 
minutes which is adequate time for turbine passage. Actual turbine passage time may be 
less than one minute. The procedures used in handling, tagging, and recapturing of fish 
for treatment and control groups should be identical. 

 
7.2 Release Groups 
 

It is necessary to release groups of balloon tagged fish separate from those used to 
estimate survival in the acoustic telemetry study to properly assess direct injury relative 
to the new unit 2 and 3 runners at Ice Harbor Dam. The number of release groups will 
depend on release locations and number of different turbine operations to be tested. For 
example, if fish are to be release at three different elevations in each of three intake 
bays and four different turbine operations a minimum of 36 releases will be needed. 
Control release group(s) will be useful to calculate the effects of handling, tagging, 
induction, recapture, and additional recapture probability data (if needed) (Normandeau 
and Skalski 1996a).  
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Figure 15 Balloon tagged Chinook smolt showing recommended tag locations (Carlson 
et al. 2008). 
 

7.3 Release Locations  

Release locations are important for direct release studies. Where a fish is released 
within the turbine intake may influence its passage route through the turbine unit. 
Different passage routes (i. e. blade-tip, mid-blade, hub) provide different survival 
probabilities as pressure, water velocity, and potential for strike on the turbine runner 
itself may vary depending upon where a fish passes. Release location should be 
considered with the objectives of the study. In the case of the Ice Harbor biological 
study, the TSP in coordination with ERDC personnel should determine which intake(s) 
and at what elevation the releases should occur. It may be that a single release location 
will be chosen to provide the greatest potential for fish to disperse from the release pipe 
and pass at any possible location. 

7.3.1 Release Locations Previously Tested 

Release locations will be determined by USACE and will consider best geometry, 
flow paths and discharge for fish passage, and past injury and survival data.  

Mathur et al. (1996) performed a paired release-recapture study and directly 
injected fish 3.1m and 9.3m from intake ceiling at Rocky Reach Dam, 1993. 
These intake depths corresponded to the majority of fish entering the turbine 
intake within the top 6m of the intake ceiling while the remaining fish enter 
deeper according to Raemhild et al. (1985). The higher release location may 
have corresponded to a greater probability of mid-blade and hub passage where 
the lower release location may have corresponded to a greater probability of 
blade-tip passage. 



 

57 
 

Normandeau and Skalski (1996a) released fish at approximately 3 and 9 meters 
below the turbine intake ceiling in new and existing turbines for a survival 
comparison at Rocky Reach Dam. These release locations corresponded to 
those detailed by Mathur et al. (1996).  

Normandeau  et al. (2008) released fish equally into the intakes of turbine unit 3 
at Ice Harbor Dam Releases occurred at elevations 327.5m mean sea level in 
intakes A and B, and 325.7m mean sea level in intake C (Figure 16). These 
release elevations were determined at ERDC using the Ice Harbor physical scale 
model and are representative of the flow path that an unguided fish may follow 
when passing through an Ice Harbor turbine. These may be the most appropriate 
release locations for the biological test of the new Ice Harbor turbine runners. 

 
Figure 16 Cross-section of Ice Harbor Dam powerhouse and turbine unit 3 showing release 
locations for a balloon tag study (Normandeau et al. 2008). 



 

58 
 

7.4 Release Methodology (Normandeau et al. 2008) 

Normandeau et al. (2008) fitted fish release pipes 76.2cm off center (toward the north) of 
the bypass screen frames in each turbine intake. Release pipes were placed such that 
fish would be released into the flow path that unguided fish were most likely to follow as 
determined by ERDC model evaluation. Release pipes were fabricated by the coupling 
of smooth walled rigid steel pipe and flexible 10.1cm diameter hose that directed the fish 
into each intake release point. Pipes were flushed with water to ensure that velocities 
exiting the pipe were similar to the velocities in the turbine intake to reduce the risk of 
injury to treatment fish as they exited the pipe. 

Control fish should be released into the bypass exit flume as a means to evaluate 
handling, tagging, release, and recapture as well as provide additional data on recapture 
probability. 

7.5 Recapture Tag Removal and Fish Handling (Heisey et al. 1992; Normandeau et al. 
2008) 

 
Fish should be located and recaptured by boat once the balloon tags inflate and buoy 
the fish to the surface. Recaptured fish should be placed into an on-board holding facility 
and the tag(s) removed by a pin puller (Heisey et al. 1992). Each fish should be 
examined for descaling and injuries and assigned codes relative to injury descriptions. 
Recaptured fish should be transferred to on-shore pools for estimating 48 h direct 
survival. Large circular pools should be located in a shaded area near the south shore 
Ice Harbor fish ladder. A flow-through system similar to the one used by Normandeau et 
al. (2008) should maintain approximately 1500L of water in each pool.  

 
7.6 Pressure and Depth Acclimation Considerations 
 

Pressure effects on migrating salmonids should be considered when conducting a 
balloon tag study. Migrating salmonids will have varying volumes of gas in the swim 
bladder as they migrate toward hydropower projects depending upon the depth at which 
they are acclimated (neutrally buoyant). Fish that are acclimated deeper will experience 
a greater risk of barotrauma. Depth acclimation of fish prior to release is ideal for 
properly satisfying the study objectives; however, depth acclimation for balloon tag 
studies is difficult for several reasons. 
 
Tag inflation time is a sensitive matter. Tags must be created with the proper 
concentrations of chemicals and scientists must inject the correct volume of water into 
the tag to ensure inflation time is appropriate. Depth acclimation may require holding up 
to 24 hours at depth and delaying inflation of a balloon tag for this time period may not 
be feasible. 
 
Furthermore, release mechanisms required to accomplish depth acclimation may cause 
startling of fish. After a long acclimation period this may cause fish to expel gas from the 
swim bladder prior to entering the turbine which nullifies the depth acclimation process. It 
is possible to depth acclimate fish using the Mobile Aquatic Barotrauma Laboratory but 
the potential for fish to startle and expel gas from the swim bladder upon removal from 
the pressure chambers and injection into the turbine intake is high. Also, the effort 
required to accomplish this is substantial and multiple acclimation depths may be 
appropriate. 
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While fish directly released into the turbine intakes may bias direct pressure related 
injury and relative survival estimates due to being surface pressure acclimated, this is 
the most feasible approach to releasing balloon tagged fish. A potential avenue to 
correct for pressure related injury bias would be to conduct a pressure risk assessment 
using the pressure study results (Brown et al. 2009, 2012; Carlson et al. 2010; Figure 
13) and actual turbine pressure data from the test turbine units obtained from Sensor 
Fish (Carlson et al. 2008).   

 
7.7 Sample Size (SampleSize Software 2011) 
 

SampleSize (2011) software was used to calculate preliminary sample sizes for the 
balloon tag study (Appendix 1.4). Passage survival and detection probabilities for 
yearling and subyearling Chinook salmon and juvenile steelhead were calculated by 
holding control survival at 95% and treatment survival at 91.2% for subyearlings and 
95% for yearling Chinook and steelhead. These survival estimates were the parameters 
used by Skalski (2011) to estimate sample sizes for a virtual with paired release-
recapture study. The probability of capturing fish alive in the tailrace (actual model 
parameter) was fluctuated among 90, 95 and 98% similar to acoustic telemetry detection 
probability to provide a range of sample sizes appropriate for various tailrace conditions. 
Estimated sample sizes and associated live tailrace capture probabilities necessary to 
provide statically sound passage survival estimates for subyearling Chinook salmon are 
1300 at 90%, 950 at 95%, and 750 at 98% (Figure 17), and 1250 at 90%, 850 at 95%, 
and 650 at 98% for yearling Chinook and steelhead (Figure 18).  

These estimates appear to be high when compared to other balloon tag studies in the 
FCRPS and may be explained by the 95% control survival. A more comprehensive 
evaluation of balloon tag sample size requirements is presented in Table 11. A range of 
control and turbine survival percentages, as well as recapture rates were used to 
generate a range of sample sizes using SampleSize software that may provide a more 
simplistic means of choosing an appropriate sample size. Normandeau et al. (2008) 
provided a similar table with similar sample sizes calculated for higher turbine and 
control survival percentages and recapture rates. While the estimates provided in 
Figures 17 and 18 and Table 11 provide comprehensive preliminary sample sizes it is 
recommended that a statistician is consulted prior to study implementation.  
 

7.8 Injury Classification of Recaptured Fish (Normandeau et al. 2007, 2008) 

 Injuries likely to be associated with direct contact with turbine runner blades or structural 
components are classified as mechanical and include: bruise, laceration, and severance 
of the fish body. Injuries likely to be attributed to shear forces are decapitation (with the 
isthmus attached to the body and a slanted wound), torn or flared opercula, and inverted 
or broken gill arches. The probable pressure related effects are manifested as 
hemorrhaged or ruptured/bulging eyes, swim bladder rupture, hemorrhaged internal 
organs, and embolism. 

Injuries should be evaluated immediately following recapture and again later during a 
detailed examination after expiration of the 48h holding period. Immediate evaluation 
may provide assessment of some injuries, such as bleeding, which may no longer be 
evident at 48h. The 48h evaluation may also provide detection of other injuries which 
may not have been apparent or were overlooked during the evaluation immediately 
following fish recapture. Injury and descaling has been categorized by type, extent, and 
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area of body. A fish was classified as descaled by Normandeau et al. (2007, 2008) if ≥ 
20% of the scales were missing from one side. Fish without any visible injuries that were 
not actively swimming were classified as “loss of equilibrium”. This condition has been 
noted in past studies and often disappears within 10 to 15 minutes after recapture if the 
fish has no other apparent injuries. 
 
Injuries may also be classified as minor or major following procedures established in 
laboratory studies (Table 12; PNNL et al. 2001). 
 

7.9 Data Analysis (Normandeau et al. 2008) 

Detailed analysis of data collected for direct injury classification is available from the 
above citation in Appendix 4.0. 

Three different metrics were estimated from these data: (1) direct survival; (2) 
conditional probability of being malady-free (CMFE) given survival; and (3) the joint 
probability of survival (48h) and being malady-free.  
 
Analysis of deviance (ANODEV) was used to compare turbine passage survival, CMFE 
estimates, and survival with CMFE estimates. The ANODEV was used to test the main 
effects of discharge, the main effects of turbine slot, and their interactions. 
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Figure 17 Plot of balloon tag study sample size for subyearling Chinook salmon. Probability of 
recapturing fish alive was used to mimic acoustic detection probability to generate sample size 
estimates. 

 

 

Figure 18 Plot of balloon tag study sample size estimates for yearling Chinook and juvenile 
steelhead. Probability of recapturing fish alive was used to mimic acoustic detection probability 
to generate sample size estimates. 



 

62 
 

Table 11 Balloon tag study sample size estimates encompassing a range of control and 
turbine survival percentages as well as recapture rates. This table provides a broad 
range of scenarios and associated samples sizes relative to previous FCRPS balloon 
tag studies. 
 

Estimated Turbine Survival
Control 
Survival 0.75 0.80 0.85 0.90 0.95 0.99 

Capture Probability = 0.90 
0.90 950 950 930 910 870 830 
0.95 800 770 740 700 650 610 
0.98 700 670 640 600 550 470 

Capture Probability = 0.95 
0.90 860 830 780 730 670 610 
0.95 690 650 600 540 460 400 
0.98 600 560 510 440 370 300 

Capture Probability = 0.99 
0.90 760 710 650 570 480 400 
0.95 600 540 470 390 300 210 
0.98 520 460 380 300 210 130 

 
 
 
Table 12 Fish Passage Major and Minor Injury Classification (PNNL et al. 2001) 

1 A fish with only LOE is classified as major if the fish dies within 1 h; if it survives or dies 
beyond 1 h, it is classified as minor 

2 A fish with no visible internal or external maladies is classified as a passage-related 
major injury if the fish dies within 1 h; if it dies beyond 1 h, it is classified as a non 
passage-related minor injury. 

3 Any minor injury that leads to death within 1 h is classified as a major injury; if it lives or 
dies after 1 h, it remains a minor injury. 

4 Hemorrhaged eye: minor if less than 50%; major if 50% or more. 
5 Deformed pupil(s): major. 
6 Bruises (size-dependent): major if 10% or more of fish body per side; otherwise minor. 
7 Inverted or bleeding gills or gill arches: major. 
8 Operculum tear at dorsal insertion: major if 5 mm or greater; otherwise minor. 
9 Operculum folded under or torn off: major. 

10 Scale loss: major if 20% or more of fish per side; otherwise minor. 
11 Scraping (damage to epidermis): major if 10% or more per side of fish; otherwise minor. 
12 Cuts and lacerations: generally classified as major. Small flaps of skin or skinned snouts: 

minor. 
13 Internal hemorrhage or rupture of kidney, heart or other internal organs and/or 
14 Multiple injuries: use worst injury. 
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8.0 Sensor Fish Study 

The Sensor Fish (Figure 19) is an autonomous device developed by PNNL for the US 
Department of Energy and the USACE to better understand the physical conditions fish 
experience during passage through turbines, spillways, and alternative bypass routes (Deng et 
al. 2007). The current model’s dimensions and weight are similar to a yearling salmon smolt.  It 
is 24.5 millimeters (mm) in diameter, 90 mm long, has a dry weight of 43 grams, and is nearly 
neutrally buoyant in fresh water (slightly negatively buoyant). It provides in situ measurements 
of 3-dimensional (3D) accelerations, 3D rotational velocities, and pressure at a sample 
frequency of 2000 Hertz. The pressure-time histories recorded by these autonomous devices 
provide evidence of pressures throughout the turbine environment.  

 

Figure 19 Sensor Fish equipped with balloon and radio tags (Carlson et al. 2008). 

 
Sensor Fish should be released with groups of live fish during turbine survival or direct injury 
studies at Ice Harbor Dam to directly relate the turbine hydraulic environment to fish condition 
and survival. Releasing Sensor Fish during balloon tag studies will reduce labor needs for 
replicating the study methods. Releasing Sensor Fish during the balloon tag study will also 
provide specific data for the release locations and routes balloon tagged fish will experience 
during turbine passage. These release locations will be determined through data collected at 
ERDC during physical model evaluations. Results from the sensor fish releases can be 
compared to CFD models and will satisfy primary objective 4 (Section 3.0), and the secondary 
objective (Section 3.1). 
 
Sensor Fish cost about $4,000 each (Ferris 2012) and it is recommended that 30 are released 
at Ice Harbor Dam with each balloon tag study release. Although Sensor Fish may be 
recaptured and released again, some may be lost in the tailrace or damaged during turbine 
passage making it feasible to have a surplus available for use if the need arises. The cost of 45 
Sensor Fish is approximately $180,000.  
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9.0 Acoustic Telemetry Study (McMichael et al. 2011) 
  
9.1 Equipment 

 
To perform the studies detailed in this document, acoustic telemetry detection equipment 
must be installed at Ice Harbor Dam and discussion of such equipment will assume the 
implementation of the most rigorous biological study design with upstream releases, 
therefore detailing the greatest equipment needs (Appendix 5.0).  
 
The JSATS tags to be used for this study are the acoustic transmitters that emit a source 
level of approximately 153.6dB (Deng et al. 2011, 2012). Two cabled arrays (Figure 20) 
will be used on the dam face. Each modular JSATS cabled dam-face array to be 
installed at Ice Harbor Dam consists of software, a computer, multifunction electronic 
cards including a global positioning system receiver, digital signal processing cards with 
field programmable logic gate capability, a signal conditioning interface, and up to four 
hydrophones and cables. 

 
Omni-directional hydrophones utilizing a spherical ceramic element should be deployed 
at Ice Harbor Dam. These hydrophones provide a broader range of detection than 
previous models and should be housed inside an anechoic cone, otherwise referred to 
as baffles (Figure 20). These baffles have been designed to reduce ambient noise levels 
near operating powerhouses or spillways which can corrupt incoming acoustic tag 
signals.  

 
Most hydrophones should be deployed in trolley pipes affixed to the forebay piers and 
concrete walls at Ice Harbor Dam. Two hydrophones will be deployed in each pipe 
location (shallow and deep elevation below water’s surface) to provide appropriate 
geometry to track tagged fish in three dimensions and assign route of passage. Each 
steel trolley will slide down a pipe guided by an extension arm that protrudes from the 
slot. The arm positions a cabled hydrophone perpendicular to the dam face. 

 
Autonomous receivers (Figure 21) should be placed across the river in three different 
areas downstream of the tailrace (Appendix 6.0); the first of which should be placed 
sufficiently far down stream to avoid false positive detection of dead fish. Each 
autonomous receiver will require an acoustic release to deploy and retrieve them in the 
tailrace (Figure 21).  
 
An array of autonomous receivers may also be placed in the immediate powerhouse 
tailrace to 3D track fish as they exit the draft tubes. This information may be collected 
with appropriate precision as studies by Deng (data on file) and Hogan et al. (2012) 
suggest. The application of information collected in the immediate powerhouse tailrace is 
directly related to draft tube and turbine boil hydraulics and fish egress. Understanding 
how fish behave in relation to the tailrace conditions upon exiting the draft tube may 
provide insight into tailrace mortality. Mortality in the tailrace may occur from a 
combination of factors such as entrainment in the draft tube backroll and flows drawn 
across the powerhouse into the spillway, eddying conditions leading to entrainment into 
auxiliary fish ladder water supply pumps, and aquatic and avian predation. 
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9.2 Data Collection 
 

Data from the autonomous receivers will be stored on removable media. The data file is 
automatically named with the serial number of the receiver, including a header that 
identifies the equipment (manufacturer, serial number, firmware version) and labels for 
the comma-delimited data records that follow. Physical data will be recorded every 15 
seconds (e. g. date, time, pressure, temperature, tilt) along with system integrity 
information (e. g. battery voltage). Tag detections will be recorded in text format along 
with pertinent information from the tag code (e. g. Tag ID, relative signal strength 
indication, threshold level, receive stream, and hexadecimal offset in seconds and 
fractions of seconds [in increments of 12 microseconds or less] from a standard epoch 
[e. g. 1/1/2000 12:00 am]). 
 

 

 
Figure 20 Cabled array and hydrophone with baffle (McMichael et al. 2011) 

 
 

 
Figure 21 Example of an autonomous receiver and rigging assembly to be deployed in 
the tailrace at Ice Harbor Dam (McMichael et al. 2011)  
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10.0  Turbine Operations Previously Tested 

Operations detailed below were tested in balloon tag studies. The purpose of highlighting these 
operations is to provide examples of operations of interest for fish passage and potential testing 
of the new runners for both acoustic telemetry and balloon tag studies. Operations within the 1% 
range are typical due to BiOp (NMFS 2008) and FPP (USACE 2013b) requirements but this 
may change with the 2014 BiOp that is currently in development. 

Normandeau and Skalski (1996a) tested turbine loads at 60MW (8kcfs), 80MW (12kcfs), 
100MW (16kcfs) which accounted for 80% of normal operation at Rocky Reach Dam. Testing 
was performed with an older Kaplan in unit 5, and a new Kaplan blade design in unit 6 to 
determine survival between new and existing runners. 

Normandeau and Skalski (1996b) tested four turbine operating conditions with a 5 blade Kaplan 
runner in unit 9 at Wanapum Dam. Operations tested were 9kcfs (93.51% efficiency), 11kcfs 
(Peak 94.23%), 15kcfs (92.75% efficiency), and 17kcfs (cavitation mode 88.57% efficiency). 

Normandeau et al. (2007) tested three turbine operations of Lower 1% (11.8kcfs), Peak 
(16.6kcfs), and Upper 1% (best geometry and operating limit 19.9kcfs). 

Normandeau et al. (2008) used single releases of yearling Chinook salmon in a balloon tag 
study to test five different turbine operations in unit 3 at Ice Harbor Dam (Table 13). Survival 
was estimated to be highest at Peak, Intermediate, and Upper 1% operations; however, all 
survival estimates were ≥ 93%. Mean 48 hour survival estimates and SE among intakes A-C 
were 96% (SE = 0.026) at Peak, 97.6% (SE = 0.014) at Intermediate, and 96.7% (SE = 0.017) 
at the upper 1% with survival estimates through individual intakes being as high as 99%. 

Table 13 Ice Harbor survival study turbine operation conditions previously tested 
(Normandeau et al. 2008) 

Operating Condition Turbine Performance Turbine Discharge (kcfs) 
Condition 1 Lower 1% 8.6 
Condition 2 Peak 9.8 
Condition 3 Intermediate 11.4 
Condition 4 Upper 1% 12.6 
Condition 5 Maximum 14.1 

 

Other studies such as Axel et al. (2007b, 2008) tested complete dam passage at Ice Harbor 
Dam including turbine passage (units 1-5) under normal operating conditions given reduced, 
and BiOp spill treatments. 
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11.0  Fish Procurement 

Run-of-river fish should be collected at Ice Harbor Dam, tagged and held on site for the acoustic 
telemetry portion of this study. Selection criteria used for performance standard testing should 
be exercised to ensure that study fish are representative of the run at large, as well as those 
used for biological testing at other projects. If collection at Ice Harbor Dam is not feasible, an 
alternative would be to collect fish at Lower Monumental Dam and release the fish in the tailrace 
at Lower Monumental, or transport them downstream to Ice Harbor depending on the study 
design being employed.  
 
For balloon tag and direct release acoustic telemetry studies it may be suitable to follow the 
same procedure and methods employed by Normandeau et al. (2008) who utilized hatchery-
reared subyearling Chinook salmon for a TST at Ice Harbor Dam. Fish were transported from 
the Little White Salmon National Fish Hatchery near Stevenson, Washington in a truck-mounted 
tank to the project site in lots of approximately 750 fish. Stocks from outside of the Snake River 
basin may only be used for Snake River balloon tag studies as these fish are all to be 
recaptured and removed from the system. For Lower Snake River acoustic telemetry studies it 
may be possible to secure Snake River stocks from Lyon’s Ferry or Ringgold Hatchery. 
Hatchery fish are acceptable for direct release methods since migration behavior will not 
influence the passage of fish.  
 
The transport truck used by Normandeau et al. (2008) was equipped with a recirculation system 
and supplemental oxygen supply. At the project site, fish were held in holding pools (~700-
2300L capacity) continuously supplied with ambient river water. Fish were held a minimum of 24 
h prior to tagging to allow acclimation to ambient conditions. Fish for the different test and 
control releases were drawn from the same group of fish assuring similar size and condition. 
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12.0  Sampling Logistics and Schedule 

The new turbine runners will undergo biological testing to estimate passage survival and the 
effects of the turbine environment on juvenile salmonids. Biological testing is expected to occur 
in units 1 and 2 in 2016 subsequent to the new unit 2 runner install. Unit 1 will serve as the 
baseline existing condition. A combination of units 2 and 3 or only units 3 may be tested in 2017 
subsequent to the new unit runner install. 

Detailed scheduling will be important to properly executing a rigorous study requiring tagging 
and release of thousands of fish. An example schedule for implementation of a dam survival 
study employing acoustic telemetry equipment at Ice Harbor Dam is shown in Table 14 
(McMichael et al. 2011). The example schedule has been detailed for a virtual with paired 
release-recapture study design to estimate full dam passage survival metrics for one year. A 
less rigorous study design may allow for a reduction in schedule; however, this schedule 
encompasses the expected time period required to adequately complete a survival study 
regardless of study design. Scheduling and logistics should be detailed by the awarded 
contractor and reviewed and agreed upon by the USACE technical leads. 

Table 14 Example schedule for conducting a survival study at Ice Harbor Dam (McMichael 
et al. 2011). 
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13.0  Study Implementation Discussion and Recommendations 

Discussion and recommendations are based on best available scientific methods derived from 
literature review of previous studies in order to satisfy the specific objectives (Section 3.0) of the 
Ice Harbor turbine biological study. Considering study design, sample size, study period or 
season, species or run of interest, and dam operations can greatly influence achieved results of 
such a specific study. Objectives 1 and 2 require estimating survival through the new runners 
and estimating the survival difference between new and existing runners. The ability to satisfy 
these two important primary objectives will require the utmost attention to detail in 
implementation methods and data analysis. Stringent quality assurance and quality control 
(QA/QC) methods will be necessary. A QA/QC plan will be required and should detail every 
aspect of the study. A QA/QC outline can be found in Appendix 7.0. 

Unit 1 should be considered for a baseline survival estimate. Baseline data will allow for direct 
comparison of data collected from the new unit 2 and 3 runners. Survival comparisons between 
the new and existing runners may be used to evaluate potential benefits to smolt passage 
provided by the new runner designs. Sensor Fish will also be released into the existing turbine 
runner to provide pressure and acceleration information that may be compared between the 
new and existing runners. The comparison of survival estimates and Sensor Fish data between 
the runners applies to objective 2, as well as the secondary objective to determine the benefits 
of particular features of the new turbines design for fish passage. 

To ensure the greatest accuracy and precision possible it is recommended that efforts be taken 
regarding spill and powerhouse operations to provide the greatest proportion of study fish 
entering the turbine intakes possible. This may be achieved in several ways to include reduced 
or no spill, powerhouse unit priority adjustment, and potential removal of bypass screens. Any 
operations that deviate from the FPP (USACE 2013b) and BiOp (NMFS 2008) requirements will 
need to be coordinated thoroughly with the region requiring time, patience, and meticulous 
planning. 

13.1 Release Locations and Methodology 

13.1.1 Upstream In-River Releases  
 

Release locations will vary depending on the study design implemented. For 
upstream releases allowing for normal distribution and volitional dam passage, 
release locations should be sufficiently far upstream to allow fish to acclimate to 
the river. Increasing the probability of turbine passage should be considered 
when choosing a release site. Consequently, upstream releases require larger 
sample sizes to account for mortality prior to arriving at the dam and the 
likelihood that fish will pass via other routes depending upon project operations.  
 
An alternative to an extended upstream release may be to release fish a few 
kilometers upstream of the project to allow for somewhat normal distribution. 
Upstream releases closer to the dam may be more appropriate for horizontal 
distribution; however, vertical distribution will likely not occur as it would with a 
longer travel time to reach the dam. Given that little is known about the behavior 
of juvenile salmonids prior to entering the turbine intake and scroll case, it may 
be that vertical distribution and acclimation vary considerably at the dam face. 
Appendix 6.0 contains maps of possible release locations and acoustic detection 
arrays for an acoustic telemetry study design. 
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 13.1.2 Direct Releases  
 

Direct releases are another alternative to upstream releases and may be the 
most appropriate release method to evaluate turbine survival through specific 
units; however, the resulting survival estimate may be biased without fish being 
properly depth acclimated. One positive to directly introducing fish into the 
turbine intake is that sample sizes will remain relatively small since a high 
percentage of released fish will pass through the turbines.  
 
Direct release elevations within a turbine intake may prove to be crucial to 
providing passage route specific information. Flow lines through and under the 
fish guidance screens may influence the path that a fish follows through the 
intake and into the scroll case. If that flow path is higher in the intake, fish will 
likely enter the scroll case higher and pass closer to the mid-blade or runner hub, 
while a fish following a lower flow path may pass the runner closer to the blade 
tip. Each location may provide different nadir distributions along the runner 
surface and result in different probabilities of injury and survival. Specific release 
elevations for a direct release study will likely be identical to those tested by 
Normandeau et al. (2008) as determined at ERDC with the 1:25 scale physical 
turbine model. Turbine runner route specific release locations will likely not be 
required as the release locations tested by Normandeau et al. (2008) were 
placed to provide a broad distribution of passage locations to evaluate the full 
range of turbine passage routes and conditions. The A and B turbine intakes will 
also likely be tested. A diagram of a direct release pipe and location within a 
turbine intake at Ice Harbor Dam is provided in Figure 16. 
 
Although upstream releases are most desirable for obtaining turbine survival 
estimates, direct releases may be acceptable for two reasons. 1) surface 
acclimated fish are less susceptible to barotrauma than depth acclimated fish; 
hence, if a large proportion of directly released fish suffer barotrauma it may be 
indicative of a pressure problem with the runner design or operation; and 2) 
vertical distribution data may be applied to Sensor Fish pressures collected 
during the study to allow for an estimation of potential mortality from barotrauma 
associated with the new turbine runners. Sensor Fish pressure data has been 
previously used to expose fish in laboratory studies to realistic turbine pressure 
scenarios and the probability of mortal injury from barotrauma has been 
previously estimated (Figure 13). Sufficient vertical distribution data for yearling 
Chinook salmon are available from previous studies and have been summarized 
by Smith et al. (2010), although little data exists for subyearling Chinook salmon 
relative to powerhouse passage and operations. It is known that subyearling 
Chinook salmon migrate deeper than spring migrants (Ham et al. 2007; Adams 
and Evans 2011) and may make them more susceptible to barotrauma. A vertical 
distribution study between Little Goose and Lower Monumental Dams is planned 
to provide sufficient data for subyearling Chinook salmon. From the vertical 
distribution data, acclimation depth may be estimated for each run and the 
associated probability of mortal injury due to barotrauma may be calculated. This 
information may be applied to turbine survival estimates from the acoustic 
telemetry study providing a more accurate estimate of turbine survival. 
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13.2 Acoustic Telemetry Study Design Discussion 

The approach for a biological study design that would produce the most accurate 
survival estimates would be to implement more complex study design such as the virtual 
with paired release-recapture design (Figure 9). This particular study design may be the 
most costly and complex but there are multiple reasons why this study design is 
appropriate; 1) Resulting survival estimates are the most accurate relative to route 
specific survival of juvenile Chinook salmon due to the fact that the assumptions of the 
design reduce survival estimate bias; and 2) There is a strong need for a standardized 
turbine survival study design that can be implemented at any project and provide ease of 
replication at individual or through multiple projects. Skalski et al. (2009) and Skalski 
(2011) present the virtual with paired release-recapture model to account for sample 
biases know to occur with simpler designs such as single release-recapture when 
estimating dam passage survival. This model is applicable to all passage survival 
studies, including those exploring multiple project passage effects on juvenile Chinook 
salmon.  

The study design should consider the release of fish upstream of the dam sufficient 
enough to allow for normal depth acclimation and distribution rather than directly 
introducing fish into the turbine intakes. Having study fish enter the turbine intakes under 
the same behavior as they would during normal passage is necessary to reduce 
potential bias in survival estimates. Fish entering the turbine intakes volitionally are likely 
to be depth acclimated, change direction or depth, possibly expelling gas from the swim 
bladder, and orient themselves in a particular fashion to prepare for swift water with the 
increased velocity as they approach the scroll case.  
 
Depth acclimation should be considered for accurately estimating turbine survival 
because fish that are directly released (surface pressure acclimated) do not contain 
comparable swim bladder gas volume relative to depth acclimated run-of-river fish. The 
probability of barotrauma varies with nadir, fish acclimation depth, and tag burden. Tag 
burden exacerbates the potential for incurring injury, particularly injuries sustained from 
barotrauma by crowding the internal organs (Figure 13). Added tag mass also requires 
depth acclimated fish to hold slightly more gas in the swim bladder to maintain neutral 
buoyancy. For these reasons turbine survival estimates may be biased high by direct 
release study designs as these studies do not capture potential barotrauma injuries.   
 
The virtual with paired release-recapture model provides the least bias given proper 
sample sizes and release groups. The use of two downstream control releases provides 
absolute survival estimates by allowing separation of treatment effects associated with 
turbine passage from potential tag and tagger effects experienced by control releases. A 
simpler design may be more attractive to the region due to lower costs; however, if a 
simple study design is implemented and a significant bias in survival estimates is 
realized then the objectives of the study will not be met and resources squandered. 
 
The alternatives to implementing the full virtual with paired release-recapture model may 
include a variation of the single or paired release-recapture designs. The single release 
design would involve single releases, either directly into the turbine intake or upstream 
from the turbine units of interest sufficient enough to allow for some depth acclimation 
and normal distribution. A control release of dead fish in the tailrace is a standard to 
determine the proportion of false positive detections that can be expected in subsequent 
hydrophone arrays to further improve the accuracy of survival estimates and test design 
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assumptions. This is the most simple, least costly option; however, the survival 
estimates may suffer a greater degree of bias with this study design (Section 4.1.5). 

At minimum a paired release-recapture design is necessary to produce statistically 
measurable and confident turbine passage metrics for new turbine runners at Ice Harbor 
Dam. The paired release study design would involve releases, either directly into the 
turbine intake or upstream from the turbine units of interest sufficient enough to allow for 
some depth acclimation and normal distribution. Paired control releases downstream of 
the dam would account for mortality associated with tagging providing a more accurate 
turbine survival estimate. This study design is more costly than the single release-
recapture design but the results are more accurate and may be less biased. Further, 
paired releases are necessary to isolate survival estimates to turbine passage as noted 
in Section 4.0. 
 

13.3 Tag Use Discussion  

Methods for a biological study design that would produce the most accurate survival 
estimates may be to utilize the external JSATS tag developed by Deng et al. (2011) 
(Figure 14). The Objectives of this study specify estimates of turbine passage survival be 
generated for subyearling Chinook salmon as a worst-case scenario (Objective 1). Given 
the effects of barotrauma on juvenile Chinook salmon, tag burden has a measureable 
effect on survival estimates of turbine passed fish (Carlson et al. 2010). The use of the 
neutrally buoyant external JSATS tag provides the greatest potential for achieving highly 
accurate, minimally biased turbine survival estimates. The external JSATS tag may be 
new and field testing results are not yet available; however, removing the tag from the 
body cavity of the fish decreases the risk of internal organ damage from nadir spike 
(Brown et al. 2011). Although the new turbine runners for Ice Harbor are being designed 
with a minimum nadir of 83kPa, probability of mortal injury will still exist and may be 
experienced by internally tagged fish as a product of tag burden. 

Conversely, the argument that internal tags should be used for the study is sensible for 
two reasons. 1) Using an internal tag will allow results that are directly comparable to 
previous turbine passage survival estimates; 2) The injectable JSATS tag may be 
available for the study and would be an appropriate substitute for the surgically 
implanted JSATS tag further reducing tag burden and the probability of mortal injury 
from nadir spike; and 3) The new runners are being designed to be safer for fish 
passage by keeping the nadir pressure high so if the prototype runner performs as 
designed there should be no significant difference in survival estimates between 
internally tagged fish passing through the turbine runner and those released in the 
tailrace control groups. 

Regardless of the tag chosen to conduct the study, the results will provide a measure of 
turbine survival that will offer insight into the effectiveness of the new runner designs in 
providing a safer turbine passage route for juvenile salmonids at similar hydropower 
dams. 

13.4 Balloon Tag Study Discussion 

Implementation of a balloon tag study should begin by determining the operations and 
release locations of interest relative to physical and CFD model data. Balloon tag studies 
typically follow the basic concept of releasing fish into a turbine intake at predetermined 
elevations and intake bays and may be explained by two scenarios; 1) balloon tags 



 

73 
 

typically inflate in 2-4 minutes (Normandeau et al. 2008) making it difficult to implement 
upstream releases with balloon tagged fish; and 2) balloon tag studies typically provide 
more accurate estimates of the injuries fish may experience within the turbine 
environment compared to survival estimates. Balloon tag studies provide relative 
survival estimates associated with mechanical injury; however, they do not capture the 
pressure component of the turbine environment. A calculation of the probability of mortal 
injury with Sensor Fish pressure data and appropriate fish acclimation depth information 
may provide a correction factor for survival estimates. It should be noted that much 
consideration has been given to depth acclimation of study fish prior to releasing them 
into the turbine; however, the difficulty in depth acclimating fish for a balloon tag study 
lies in the small sample window during which the balloon tag begins to inflate. It may not 
be feasible for fish to be tagged with balloon tags and subsequently held to achieve 
depth acclimation. 

Sample size recommendations follow suit relative to the acoustic telemetry study design. 
If we assume a 95% recapture rate with 95% turbine survival and 98% control survival 
the calculated sample size is 370 per release group (Table 11). Recapture rate and 
control survival estimates should be conservative when choosing an appropriate sample 
size to ensure that enough fish are released to provide the appropriate power to avoid 
Type I or Type II error.  

13.5 Study Turbine Operations 

Currently, the FPP (USACE 2013b) specifies all turbine units to be operated within 1% of 
peak efficiency from April 1 through October 31 as specified in load shaping guidelines 
(Tables 15 and 16).   

Past studies have focused on multiple turbine operations of interest within the 1% range 
such as those tested by Normandeau et al. (2007, 2008). While the operating range for 
the fixed blade unit 2 runner is likely to be very narrow, peak efficiency may be the only 
operation tested for this runner. Best geometry was tested by Normandeau et al. (2007) 
and provided survival was highest at this operating condition and it should be considered 
as an operating condition of interest for the unit 3 Kaplan runner upon install completion 
in 2017. This condition will likely be tested at ERDC in during physical model evaluations 
of the Kaplan turbine and recommendations for biological testing operations for the 
Kaplan runner will follow. 

Past studies have also shown that highest survival does not necessarily coincide with 
peak operating efficiency (Normandeau and Skalski 1996a; Skalski et al. 2002, 
Normandeau et al. 2008). A best operating point for fish passage should be defined by 
physical and CFD model investigations and field verified prior to biological testing.  

Operating conditions for the study must be discussed and agreed upon by the USACE 
technical leads and TSP and identified as feasible relative to the season/study period 
and minimum powerhouse discharge requirements. Testing turbine operations such as 
best geometry may or may not be feasible due to minimum powerhouse discharge and 
river volume during the spring pre-spill and summer post-outmigration peak. Testing 
operations outside the 1% limits is possible (and may be permitted for operation in the 
2014 NMFS BiOp) considering the new turbine runners being designed to operate for 
best fish passage.  
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Table 15 1% best efficiency ranges for Ice Harbor Dam turbine Units 1 and 3 with and without 
screens (USACE 2013b). 
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Table 16 1% best efficiency ranges for Ice Harbor Dam turbine Unit 2 with and without screens 
(USACE 2013b). 
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14.0 Study Design Options   

Options detailed below are listed in order of accuracy of results provided by the study (i. e. 
Option 1 is the most accurate design relative to subsequent options).  

It is important that the study designs meet the objectives of the study; hence, the objectives are 
frequently referred to in this section. The study objectives from section 3.0 are briefly listed 
below for reference. 

Primary Objectives: 

1) Estimate survival of yearling and subyearling Chinook salmon and juvenile steelhead 
through new turbines 

2) Estimate survival difference between new and existing turbines 
3) Evaluate differences in direct injury between new and existing runners 
4) Evaluate how well the new runner meets pressure criteria 

Secondary Objective: 

1) Evaluate benefits of turbine design features (if we have enough evidence to attribute 
increased survival to particular turbine environment features (i.e., stay vane 
modifications, runner strike, runner pressure, draft tube floor fill, etc.))  

14.1 Option 1 (Virtual with Paired Release-Recapture) 

The virtual with paired release-recapture design has the potential to satisfy study 
objectives 1 and 2 with the least bias. This study design is the most rigorous among 
those detailed in this document and would provide the most statistically accurate survival 
estimates. The most important aspect of this study design is releasing fish upstream of 
the dam far enough to allow for normal vertical and horizontal distribution relative to the 
run-of-river population at large. Proper depth acclimation of fish prior to approaching the 
dam would provide realistic turbine survival estimates by accounting for typical migration 
behavior and pressure exposure upon turbine passage. 

This study design is more difficult to implement logistically than either the single or 
paired release-recapture designs, particularly when considering the possibility of 
replicates for evaluating specific turbine operations. Typically this study design is used 
for full dam passage survival studies and does not necessarily employ replicates.  

 14.1.1 Release Locations and Acoustic Detection Arrays 

Possible release locations for the virtual with paired release-recapture study 
design are detailed in Appendix 6.0. 

1) R1 release is placed 24km upstream of Ice Harbor Dam. It may be possible to 
release fish closer to Ice harbor and still provide normal distribution and depth 
acclimation. An optional BRZ detection array would provide forebay residence 
time and the dam face array would provide the virtual release group made up of 
fish that survived from the R1 release location and within the forebay (if BRZ 
array is deployed). 
 

2)  R2 release site and egress detection array may be placed downstream of the 
dam near the tailrace exit between the tailrace BRZ and highway 12 bridge. This 
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release location will provide a tailrace control for turbine passage survival at the 
next subsequent detection array. Tailrace egress time may be estimated at this 
detection array as well. 
  

3)  R3 release site may be approximately 3.3km downstream of the Columbia-
Snake River confluence. Detection of turbine passed fished and tailrace released 
fish can be compared to provide the first turbine passage survival estimate. The 
R3 release will provide a control to estimate tagging effects between the R2 and 
R3 release groups and survival between the R2 release site and the next 
detection arrays. 

The detection array approximately 21km upstream of McNary will provide the 
reach survival, tagging effects, and final turbine passage survival. 

The final detection array in the McNary Dam forebay will provide the final control 
survival estimate. 

14.1.2 Sample Seasons, Dam Configuration, and Sample Sizes 

It is recommended that a summer study period without spill or screens is 
implemented for subyearling Chinook salmon. There is potential for a summer or 
fall post-spill study to provide optimum tailrace conditions. These conditions are 
not representative of typical spring and summer flows and predator spatial 
distribution; however, conducting the study outside of fish passage season 
provides operations flexibility to set up ideal tailrace egress conditions. Further, a 
study during this period may result in an accurate account of turbine passage 
survival controlled for minimal tailrace predation. Final planning for a study during 
the late summer or fall will be done in cooperation with USACE technical leads.  

As the SampleSize software suggests 2,590 subyearling Chinook should be 
released into each turbine intake to be able to detect a significant difference 
between survival estimates at α = 0.05 and SE = 0.015 when the detection 
probability is approximately 90%. A total of 6,680 fish would be required to 
provide estimates for two turbine units (not operation specific) with paired control 
releases downstream. Control release groups were estimated to be 
approximately 500 fish. In this case the detection probability will be near 100% so 
total sample size would likely not need to be multiplied by 1.25 as Skalski (2011) 
suggests for providing a cushion for unforeseen errors. This number will double if 
testing spring and summer runs. 
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14.2 Option 2 (Paired Release-Recapture with Direct Release Option) 

The paired release-recapture study design with direct release into the turbine intakes 
would satisfy study objectives 1 and 2 and provide statistically accurate survival 
estimates; however, a survival bias will occur due to the lack of depth acclimation prior to 
entering the turbine units.  

This study design is simpler to implement than the virtual with paired release-recapture 
design and is more feasible on the premise of reduced sample size.  

The most important aspect of this study design is reducing sample sizes relative to the 
virtual with paired release-recapture design while still providing a statistically defensible 
turbine survival estimate for specific operations. 

 14.2.1 Release Locations and Acoustic Detection Arrays 

Possible release locations for the paired release-recapture study design are 
detailed in Appendix 6.0.  

1) R1 release is directly into the unit 2 and 3 turbine intakes at Ice Harbor Dam 
(Figure 16). 
 

2) R2 release site and egress detection array may be placed downstream of the 
dam near the tailrace exit between the tailrace BRZ and highway 12 bridge. This 
release location will provide a tailrace control for turbine passage survival at the 
next subsequent detection array. Tailrace egress time may be estimated at this 
detection array as well. 
 

3) R3 release site may be approximately 3.3km downstream of the Columbia-Snake 
River confluence. Detection of turbine passed fished and tailrace released fish 
can be compared to provide the first turbine passage survival estimate. The R3 
release will provide a control to estimate tag and tagger effects between the R2 
and R3 release groups and survival between the R2 release site and the next 
detection arrays. 
 
The detection array approximately 21km upstream of McNary will provide the 
reach survival, tag and tagger effects, and final turbine passage survival. 

The final detection array in the McNary Dam forebay will provide the final control 
survival estimate. 

Release elevation(s) should be determined by the USACE technical leads and 
TSP prior to study implementation; however, a mid-elevation release similar to 
the 9.3m (Mathur et al. 1996), or 325.7m mean sea level (Normandeau et al. 
2008) used in the past should be considered for a single release point. A mid-
elevation release will allow for the greatest probability of fish being distributed 
along the turbine blade to provide a survival estimate for all pressures and 
conditions not limited to a more specific runner passage route (i. e. blade tip, 
mid-blade, hub). 
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14.2.2 Sample Seasons, Dam Configuration, and Sample Sizes 

A direct release study does not require sample sizes that account for project 
operations and seasons. Percent spill, bypass screens and river flow will not 
affect sample sizes for direct releases behind the intake screens. Release 
elevations and intakes similar to those tested by Normandeau et al. (2008) are 
likely to be tested again for this study. Turbine operation for the fixed blade 
runner is likely to be peak efficiency only given the narrow operating range for 
this runner; however, the unit 3 Kaplan runner will likely have lower 1%, peak 
efficiency, and upper 1% tests with the possibility of best geometry as well. 
These details will be finalized with the USACE technical leads prior to study 
implementation, but should be considered as presented here for the purpose of 
developing an implementation plan. 

As the SampleSize software suggests 1170 subyearling Chinook should be 
released into each turbine intake to be able to detect a significant difference 
between survival estimates at α = 0.05 and SE = 0.015 when the detection 
probability is approximately 90%. A total of 8,520 would be required to provide 
estimates for two turbine units and three operations with paired control releases. 
Control release groups were estimated to be approximately 500 fish. In this case 
the detection probability will be near 100% so total sample size would likely not 
need to be multiplied by 1.25 as Skalski (2011) suggests for providing a cushion 
for unforeseen errors. This number will double if testing spring and summer runs. 
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14.3 Option 3 (Single Release-Recapture with Direct Release Option) 

The single release-recapture study design with direct release into the turbine intakes 
would satisfy objective 1; however, sufficient power to satisfy objective 2 is unlikely. A 
survival bias will occur due to the lack of depth acclimation prior to fish entering the 
turbine units, as well as the lack of sufficient control releases. Again, if the new turbine 
runner pressures are higher than 83kPa it is possible no statistically significant 
difference in survival between depth and surface acclimated fish would occur.  

The single release design will be simple to implement relative to more rigorous designs 
due to the lack of sufficient controls to provide an accurate turbine survival estimate. A 
minimum of one control release downstream should be considered to provide an 
evaluation of the effect of tagging on survival. In this case the paired release study 
should be implemented. 

Although turbine survival estimates may be available with this study design it is not 
recommended for evaluation of the new turbine runners at Ice Harbor Dam. 

 14.3.1 Release Locations and Acoustic Detection Arrays 

Possible release locations for the single release-recapture study design are 
detailed in Appendix 6.0.  

1) R1 release is directly into the unit 2 and 3 turbine intakes at Ice Harbor Dam. 
 

2)  R2 and R3 release locations would be sufficient for a control release and the 
detection array below the tailrace, below the confluence, and 21km upstream 
from McNary would be sufficient to provide survival estimates. The detection 
array approximately 21km upstream of McNary will provide the reach survival, 
tagging effects, and final turbine passage survival. 
 
Release elevation(s) should be determined by the USACE technical leads and 
TSP prior to study implementation; however, a mid-elevation release similar to 
the 9.3m (Mathur et al. 1996), or 325.7m mean sea level (Normandeau et al. 
2008) used in the past should be considered for a single release point. A mid-
elevation release will allow for the greatest probability of fish being distributed 
along the turbine blade to provide a survival estimate for all pressures and 
conditions not limited to a more specific runner passage route (i. e. blade tip, 
mid-blade, hub). 

 
14.3.2 Sample Seasons, Dam Configuration, and Sample Sizes 
 

A direct release study does not require sample sizes that account for project 
operations and seasons. Percent spill, bypass screens and river flow will not 
affect sample sizes for direct releases behind the intake screens. Release 
elevations and intakes similar to those tested by Normandeau et al. (2008) are 
likely to be tested again for this study. Turbine operation for the fixed blade 
runner is likely to be peak efficiency only given the narrow operating range for 
this runner; however, the unit 3 Kaplan runner will likely have lower 1%, peak 
efficiency, and upper 1% tests with the possibility of best geometry as well. 
These details will be finalized with the USACE technical leads prior to study 
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implementation, but should be considered as presented here for the purpose of 
developing an implementation plan. 

As the SampleSize software suggests 370 subyearling Chinook should be 
released into each turbine intake to be able to detect a significant difference 
between survival estimates at α = 0.05 and SE = 0.015 when the detection 
probability is approximately 90%. A total of 3,720 would be required to provide 
estimates for two turbine units and three operations with paired control releases. 
Control release groups were estimated to be approximately 500 fish. In this case 
the detection probability will be near 100% so total sample size would likely not 
need to be multiplied by 1.25 as Skalski (2011) suggests for providing a cushion 
for unforeseen errors. This number will double if testing spring and summer runs. 

14.4 Tag Types (applicable to all study designs) 

While external, surgically implanted, and injectable JSATS tags may all be available for 
this study, it is recommended that external JSATS tag be used for upstream releases, or 
injectable JSATS tags be used for direct releases to provide the least bias in turbine 
survival estimates relative to barotrauma for fish released. One concern with external 
tags is the feasibility of using these tags relative to their production and attachment time 
when a large quantity of tags and fish are required. 

If the injectable JSATS tag is available it may be the most feasible option for the study 
requiring reduced fish handling time for tagging and overall production may be much 
simpler and more cost effective. The reduced tag burden would provide a more accurate 
turbine survival estimate. Reasonable calculation of the bias associated with barotrauma 
may be generated through probability of mortal injury calculation. 

14.5 Sensor Fish Releases (applicable to all study designs) 

A Sensor Fish Study will satisfy primary objective 4, and the secondary objective. 
Sensor Fish should be released directly into the turbine intakes behind the gatewell 
screens. The methods of Carlson et al. (2008) should be followed to include 30-60 
sensor fish per release, each outfitted with a radio tag and two balloon tags. The direct 
release apparatus for the single or paired release-recapture study design will be 
sufficient for the Sensor Fish study. It should be noted that in the case of the virtual with 
paired release-recapture study design being implemented, planning for extra effort to 
fabricate and install direct release equipment will be required. Sensor Fish should be 
directly released in the same fashion as the fish used for the acoustic telemetry study (if 
applicable) to provide specific data for the conditions and environment that study fish 
were exposed to.  

14.6 Balloon Tag Study (applicable to all study designs) 

A balloon tag study will satisfy primary objective 3. A balloon tag study should be 
implemented similar to the methods detailed in section 7.0 relative to the various studies 
referenced. A sample size between 250-500 fish per release group will likely provide the 
appropriate power to obtain statistically significant results. The direct release apparatus 
for the single or paired release-recapture study design and Sensor Fish study will be 
sufficient for the balloon tag study. 

Two or three balloon tags should be attached to each smolt along with a radio tag for 
ease of recovery and high recapture rates. 
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Turbine operations will be determined by the USACE technical leads and TSP prior to 
study implementation. Appropriate operations may not be contained within the 1% 
operating range. 

Balloon tagged fish should be directly released in the same fashion as the fish used for 
the acoustic telemetry (if applicable) or Sensor Fish studies to provide specific data for 
the conditions and environment that study fish were exposed to.  

14.7 Design Options Discussion 

Among the study designs presented, the virtual with paired release-recapture will 
provide the most accurate survival estimates; however, the cost of conducting the study 
will be greater relative to the other two designs, particularly in regard to replicates. While 
multiple replicates of the virtual with paired release-recapture study would provide the 
best results for specific turbine operations, it is not feasible to implement this study 
design with the expectation of achieving particular turbine unit survival estimates under 
specific turbine operations if the dam is to be in full operation. The logistics required to 
complete the virtual with paired release-recapture study are too complicated for testing 
multiple turbine operations and would cost substantially more than the single or paired 
release-recapture designs. One of the main advantages of this test over the direct 
release is the natural depth acclimation and intake distribution.   

The total number of fish required to complete the single and paired release-recapture 
studies may be similar depending upon if and where a control release occurred for the 
single release-recapture design. The difference in cost of implementing either of these 
studies would not be great due to the need for much of the same equipment for tagging, 
holding and transport of fish; however, the results provided by each of these designs 
may be significantly different.  

The single release-recapture study design with direct release into the turbine intakes 
would satisfy objectives poorly for multiple reasons, mainly the lack of sufficient controls 
to provide an accurate turbine survival estimate. A minimum of one control release 
downstream should be considered to provide an evaluation of the effect of tagging on 
survival. A percentage of released fish may die from handling and tagging stress; hence, 
without proper downstream controls turbine passage mortality may not be separated 
from tagging mortality. 

Although turbine survival estimates may be available from the single release study 
design it is not recommended for evaluation of the new turbine runners at Ice Harbor 
Dam. A tremendous effort has been put into designing these turbine runners for safer 
fish passage and to provide a process for future turbine replacement. To implement a 
study design that provides minimal accuracy of survival estimates would be a disservice 
to the design and cost investment in what may be a new era in propeller and Kaplan 
turbine design for fish passage. 

From a feasibility and accuracy standpoint the paired release-recapture study design 
provides the most accurate results with the least amount of bias for the effort required to 
implement the study. It should be noted that the biological study to evaluate the new 
turbine runners at Ice Harbor Dam is being designed for the release of juvenile Chinook 
salmon and steelhead, the results of this biological study will be applicable to other 
salmonid species for the new turbine designs. Results may not be directly extrapolated 
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to non-salmonid species, although passage and survival benefits of the new turbines are 
assumed to be experienced by other species such as juvenile lamprey. 

14.8 Implementation Considerations 

The above paired and single release study options have been discussed assuming a 
test of both units 1 and 2 for one year. The second year of study provides the option to 
study turbine units 2 and 3 or only unit 3. Testing 2 and 3 for two years will provide the 
existing unit 1 as a baseline and two years of survival estimates for the new unit 2 
runner. It may be beneficial to have two years of data for unit 2 as a quality control 
method. If significant differences in survival estimates between years are detected there 
may be issues with the study design such as sample size, or with the actual 
implementation. Annual variability is expected; however, with similar river conditions 
between years survival estimates should not be significantly different. Testing only unit 3 
the second year will provide one dataset for the existing unit 1 baseline, the new unit 2 
fixed blade, and the new unit 3 Kaplan.  

Implementation of the Sensor Fish and balloon tag studies will occur each year for each 
unit tested. Sensor Fish should be released with balloon tagged fish to capture 
information about the turbine conditions at the time of fish release. This may provide 
enough pressure and hydraulic information to make assumptions of the mechanisms of 
injury that caused any potential turbine mortality. Balloon tagged fish may be released at 
an appropriate time that is determined to be the most feasible.  

These considerations may be further discussed among the USACE technical leads, 
SRWG, and contractor(s) prior to study implementation.  
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Review of Study Designs for Evaluation of New Turbine Runners at Ice Harbor 
Dam on the Lower Snake River, Washington 

 
Bryan F.J. Manly 

Western EcoSystems Technology Inc. 
Laramie, Wyoming 

bmanly@west-inc.com 
 

This review was requested with a focus on Section 4 in the report by Trumbo et al. (2012).  
This section is called Statistical Study Designs and it includes discussions on three common 
designs used to estimate fish survival rates at Federal Columbia River Power System projects, 
where dam passage survival is defined as survival from the upstream face of a dam to a 
downward location past project operation effects on hydraulic conditions.  It is required that for 
spring stocks (yearling Chinook and steelhead) this survival rate should be 96% or higher, 
while for summer stocks (subyearling Chinook) it is required that it should be 93% or higher.  
Also, for Biological Opinion specifications it is required that the standard error of estimated dam 
passage survival probabilities should be 0.015 or less.  One question to be considered for the 
three designs is therefore what sample sizes are needed to estimate dam passage survival with 
this level of precision. 

 
The three common sample designs are the single release design, the paired release design, 

and the virtual paired release design.  These are now considered in turn.  For these designs 
the number of fish needed for releases are shown in the Trumbo et al. (2012) report based on 
the SampleSize (2011) software. Here a different simulation based method is used and this 
confirms that the release sizes shown in that report are appropriate. 

 
The Single Release Design 

 
Figure 1 shows the single release design with two recapture locations after the initial 

release. There is one release either upstream of the dam, or possible made in such a way that a 
particular passage through the dam occurs.  The probability of survival to the first detection 
location is S1 and the probability of detection at that location is P1. Then for fish that survive to 
the first detection location the probability of survival to the second detection location is S2 and the 
probability of detection at that location is P2. 

 
In practice the probability of survival through the dam and to the first detection location will 

usually be estimated by a standard maximum likelihood method for mark-recapture data. 
However, for my simulation study on estimates for different numbers of fish released I used the 
Manly and Parr (1968) method which is simpler. With this method the value of P1 is estimated by 
the proportion of fish known to be alive before and after passing the first detection location that are 
captured at that time. As fish were alive at the time of release they are known to have been 
alive when passing the first detection location if they are detected at the second detection 
location. Hence P1 is estimated by the proportion of the fish detected at the second location that 
are also detected at the first location. 
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Figure 1   The single release mark-recapture design. The release 
is indicated by R1 with two later detection locations with detection 
probabilities P1 and P2.  The probability of survival to the first 
detection location below the dam is S1 and the probability of 
surviving from there to the second location is S2.  A double 3D 
hydrophone array at the dam face ensures detection of all fish 
reaching the dam.  This is a slightly modified version of Figure 3 in 
the Trumbo et al. (2012) report. 

 
 

Once P1 is estimated the number of fish surviving until the first detection location can be 

estimated by n 1 /


1P , where 


1P is the estimate of 1P .  Then a simple estimate of the survival 

probability 
1S is RPnS /)/( 111



 , where R is the number of fish released above the 
dam.  As this is not a maximum likelihood estimate the standard error may be slightly 
higher than for the maximum likelihood estimate.  However, this was not expected to be a 
problem because of the high detection rates that are assumed to apply. 

 
Simulations 

 
To investigate the number of fish that need to be released to estimate S1 with a 
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standard error of 0.015 I ran simulations for subyearling Chinook with S1 = 0.93, S2 = 0.95 
and with P1  and P2  both set at 0.90, 0.95 or 0.98.  This was intended to reproduce the 

results shown in Figure 4 of the Trumbo et al. (2012) report.  I also ran simulations for yearling 
Chinook and steelhead with S1 = 0.96, S2 = 0.95 and again with P1 and P2 both set at 0.90, 
0.95 and 0.98, where this was intended to reproduce the results shown in Figure 5 of the 
Trumbo et al. report. 

 
The simulations involved generating a recapture record for a fish such that the probabilities 

of survival and capture are as specified for S1, S2, P1 and P2. This was done for releases of 
batches of 125, 250, 500, 1000 and 2000 fish and the corresponding estimates of S1 were 
calculated for these simulated data sets. This was done with 5,000 releases for each of the batch 
sizes and the standard deviations of the simulated estimates were calculated. This then gives 
values for the standard errors that would be obtained for these numbers of different releases. The 
simulations were done in Excel using the add-on Resampling Stats for Excel available at 
www.resample.com. 

 
Simulation Results 

 
 

Figure 2 shows the simulation results obtained for subyearling Chinook.  This shows that to 

obtain a standard error of 0.015 for the estimated survival rate 1



S  the  number released 
should be approximately 400 with a detection probability of 0.90, about 350 with a detection 
probability of 0.95, and about 300 with a detection probability of 0.98. These agree quite well 
with the release numbers shown in Figure 4 of 370, 310 and 290, respectively, in the Trumbo et 
al. (2012) report. 

 

 
Figure 2   Simulation estimates of standard errors for estimates 
of S1 obtained with different numbers of subyearling Chinook 
releases with survival rates of S1 = 0.93 and S2 = 0.95 with 
detection probabilities (P) of 0.90, 0.95 and 0.98. 

 
Figure 3 shows the simulation results obtained for yearling Chinook and steelhead. This 

shows that to obtain a standard error of 0.015 for the estimated survival rate S1 the number 
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released should be approximately 250 with a detection probability of 0.90, about 200 with a 
detection probability of 0.95, and about 175 with a detection probability of 0.98.  
 

These agree well with the release numbers shown in Figure 5 of 240, 190 and 170, 
respectively, in the Trumbo et al. (2012) report. 
 

 
Figure 3   Simulation estimates of standard errors of estimates of 
S1 obtained with different numbers of yearling Chinook and 
steelhead releases with survival rates of S1 = 0.96 and S2 = 0.95 
with detection probabilities (P) of 0.90, 0.95 and 0.98. 

 
This independent assessment of the release numbers required to obtain a standard error of 

0.015 for the estimated probability of survival from above the dam to a detection location below 
the hydraulic influence of the dam again confirms that the numbers obtained for the Trumbo et 
al. (2012) report using the SampleSize program are realistic. 

 
Power A nalysis 

 
I am not familiar with the R package for a power analysis with an analysis of variance, but I 

understand that the idea behind this was that the single release design might be used with three 
releases through existing turbines and three releases through new turbines to see if a 
statistically significant difference in survival rates is detected. Assuming this is the case I 
simulated four situations using Resampling Stats for Excel to see what power there will be to 
detect different true survival differences, assuming that the standard error of the survival 
probability estimate from one release is 0.015, as discussed above. 

 
One Release Per Treatment 

 
A comparison between the survival probabilities for two treatments can be done with just one 
release per treatment as the mark-recapture analyses provide standard errors for the estimated 
values.  Assuming that these standard errors are approximately 0.015 the significance of the 

difference between the two survival estimates can be assess using the statistic Z1 = (


 21 SS ) / 

√(0.0152  + 0.0152) where the numerator is the difference between the two survival estimates and 
the denominator is the standard error of this difference. If there is no real survival difference 
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then Z will be approximately normally distributed with a mean of zero and a standard deviation of 
one.  Hence a value of Z outside the range from -1.96 to +1.96 gives a significant difference at 
the 5% level.  The probabilities of obtaining a significant difference (i.e., the power) with a range 
of true survival differences can then be estimated by generating many sets of data for different 
differences within the range and seeing how often a significant result is obtained. As the survival 
estimates will be approximately normally distributed the simulation just requires the generation of 
many random values from normal distributions. 
 

Two Releases Per Treatment 
 

With two releases per treatment the situation is similar to one release per treatment but the 
survival estimate for a treatment is now the average of two values, one for each release. 

The test statistic Z then becomes )2/015.02/015.0(/)( 22
212 



SSZ  where iS


is the average 

survival for treatment i and the numerator is the standard error of the mean difference. Again, 
many values of Z2 can be simulated easily assuming that the survival estimates from individual 
releases are normally distributed, with a range of true survival differences. This then allows the 
probabilities of obtaining a significant difference at the 5% level to be estimated for the range of 
real differences.  
 

Three Releases Per Treatment 
 

With three releases per treatment the situation is again similar.  The test statistic for 
comparing the mean survival for the two treatments now becomes 

)3/015.03/015.0(/)( 22
212 



SSZ  where iS


 is the standard error of the mean difference.  

Many values for Z3 can be simulated with different true mean survival differences and the 
probability of obtaining a significant difference can be estimated.  With three releases per 
treatment there is, however, the possibility of estimating the standard error of the mean survival 
estimates from the data instead of using the values obtained from the mark-recapture analyses.  

The standard error of ( 21



 SS ) is then estimated by √ )3/3/ 2
2

2
1



 SS where iS is the standard error 

of iS


estimated from the sample of three survival values for the ith treatment. The value of  

AZ3 ( 21



 SS ) / √ )3/3/ 2
2

2
1



 SS will then approximately have a t-distribution with four degrees of 

freedom if there is no difference between the average survival rates with the two treatments. 
Again many sets of simulated data can be generated to estimate the probability of getting a 
significant difference (the power) for various true survival differences for the two treatments.  

 
Power Analysis Results 

 
Figure 4 shows the results obtained from simulation 10,000 sets of survival estimates with one, 
two and three releases per treatment and survival probability differences of 0.00, 0.01, 0.02, 0.03, 
0.04 and 0.05 (i.e. with percentage differences from nothing up to 5%).  
 
As expected the proportion of significant results is always about 0.05 when the two treatments 
have the same survival rates. It can be seen that if a power of 0.85 is desired for detecting a 
difference and there are three releases per treatment and the individual survival estimates have  
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standard errors of 0.015 then this power will be obtained with a survival difference of about 
0.038 or more, while with two releases per treatment this power is obtained for a survival 
difference of about 0.042. However, if the standard errors of survival estimates are estimated 
based on the replicate results then this power requires a true mean survival difference of about 
0.05. 

 

 
Figure 4  The probability of obtaining a difference significant at 
the 5% level between the mean survival estimates from two 
treatments.  The situations considered were: 1, one release for 
each treatment assuming that the individual survival estimates 
have standard errors of 0.015; 2, two releases for each treatment 
assuming that the individual survival estimates have standard 
errors of 0.015; 3, three releases for each treatment assuming 
that the individual survival estimates have standard errors of 
0.015; 3A, three releases for each treatment but with the standard 
errors of survival estimates estimated using the three available 
values for each treatment. 

 
The Paired Release Design 

 
Figure 5 shows the paired release design with three releases and three detection locations 
below the dam, as shown in Figure 6 in the Trumbo et al. (2012) draft final report. In this case there 
are assumed to be three survival rates of interest, which are the survival from release above the 
dam (R1) to the first detection location (S1), survival from the third release location (R3) until the 
second detection location (S2), and survival from the second release location (R2) until the first 
detection location (S3).  The probabilities of detection at the first and second detection locations 
are P1 and P2, and the probability of surviving from the second detection location to the third and 
being detected is λ.  This notation differs slightly from that in Figure 6 in the Trumbo et al. (2012) 
report. However, of more importance is the fact that the design is not the same as the paired 
release design assumed for the SampleSize (2011) program, which has only two releases 
and two detection locations, so that there is no R3 release and λ is assumed to be zero.  
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Figure 5  The paired release-recapture study design. Fish are 
released upstream of the dam face or in a location for passage 
through a desired part of the dam (R1) just below the dam (R2) and 
further downstream (R3). Survival probabilities are S1 for survival 
from above the dam to the first detection location, S2 from there 
to the second detection location, and S3 from the second release 
location until the first detection location. There is a third detection 
location further downstream and λ is the probability of surviving 
from the second detection location to there and being detected. 
This is a simplified version of Figure 6 in the Trumbo et al. (2012) 
report. 

 
Because of this difference the situation considered here is the one used by the SampleSize 

program with R3 and λ both zero. It is then still possible to estimate the value of P1 just using the 
data from the first release using the Manly and Parr (1968) method. This is the proportion of the 
fish known to be alive at the first detection location because they were recorded at the second 
detection location. The estimated number from the first release that reached the first detection 

location is then 


11 / Pn  where 1n is the number from this release recorded at the first detection 

location and 


1P is the estimated detection probability. The estimated value of the survival  
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probability from release above the dam to the first detection location is then 


1S = (


11 / Pn )/ 1R , 

where 1R is the number released. An estimated survival probability 


3S from the second release 

location to the first detection location can be calculated in a similar way based on the detections of 
fish from this release at the first and second locations, and the probability of surviving from the 
first to the second release locations (i.e., surviving through the dam) can be then estimated by 



 13/ SSS Dam . 

 
These estimated survival values are not maximum likelihood estimates.  If anything they 

are therefore expected to have somewhat higher standard errors than maximum likelihood 
estimates.  Also, for the situations considered here no bypass removal are assumed, where 
this presumably reduces the effective number of fish in the first release and increases the 
standard errors somewhat. 

 
Simulations 

 
For simulations R1 fish were assumed to be released above the dam with a survival 

probability of S1 to the first detection location followed by a survival probability of S2 to the 
second detection location, with the probability of a detection being the same at both locations.  
Each released fish then provided a generated recapture result.  Similarly, R2 fish were assumed 
to be released below the dam with a survival probability of S3 to the first detection location 
followed by a survival probability of S2 to the second detection location, with the detection 
probabilities being the same as for the fish released above the dam. Again each fish then 
provided a generated recapture result. The simulations were carried out in Resampling Stats for 
Excel, with each released fish providing one line of recapture data.  A total of 10,000 sets of data 
were generated in this way for each different choice of values for the survival and capture 
probabilities, with each set of data analyzed using the Manly and Parr method as described 
above.  This then produced the mean survival estimates and their standard errors that would be 
obtained if the paired release design was run 10,000 times. 

 
Simulation Results 

 
I found that simulating data based on the paired design with two releases and two recapture 

occasions and estimating survival rates by the Manly and Parr method confirms that the sample 
sizes determined using the SampleSize (2011) program and reported by Trumbo et al. (2012) 
are appropriate for the estimation of the survival probability through the dam with a standard 
error of about 0.015. 

 
For subyearling Chinook salmon Figure 7 in the Trumbo et al. (2012) report shows that to 

estimate the survival through the dam with a standard error of 0.015 requires first and second 
releases of about 1,170 fish each when the detection probability is 0.90.  It also shows that if 
this sample size is used with a detection probability of 0.95 or 0.98 then the standard error will be 
about 0.014. My independent simulation with this size for releases with 10,000 sets of simulated 
data and Manly and Parr survival estimates gives exactly the same results to three decimal 
places. 

 
Similarly, for yearling Chinook and steelhead Figure 8 in the Trumbo et al. (2012) report 

shows that to estimate the survival through the dam with a standard error of 0.015 requires first 
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and second releases of about 760 fish each when the detection probability is 0.90.  It also 
shows that if this sample size is used with a detection probability of 0.95 or 0.98 then the 
standard error will be about 0.014. My independent simulation with this size for releases using 
Resampling Stats for Excel with 10,000 sets of simulated data and Manly and Parr survival 
estimates gives exactly the same results to three decimal places. 

 
Based on this independent assessment I conclude that the release sample sizes proposed 

by Trumbo et al. (2012) are appropriate for the paired release design with only two releases and 
only two detection locations. 

 
Power to Detect Differences From a Performance Standard 

 
Suppose that the paired release design is run several times with the release numbers being 

chosen so that the standard error of the survival through the dam is 0.015 or better. Then there is 
interest in the power to detect significant differences between the estimated dam survival rates 
and the survival rate that is desired.  For example, with subyearling Chinook the BiOp 
performance standard is a survival rate of 0.93. Therefore, if the paired release design is run 
several time then there would be interest in the probability of detecting whether the mean of the 
survival estimates obtained is significantly higher or lower than 0.93. 
 

There are two ways that this might be assessed.  First, if the dam survival estimates all have 
standard errors that are close to 0.015 from the mark-recapture analysis then the test statistic 

)/015.0/()(
_

nSSZ PS can be used, where 
_

S is the mean of the dam survival estimates from n 

repeats of the paired release design and 
PSS  is the performance standard. If the true dam 

survival equals the performance standard then Z will have a standard normal distribution.  A 
value outside the range ± 1.96 then gives a significant difference at the 5% level. This method 
can if necessary be modified to allow for survival estimate standard errors that are not equal to 
0.015, or that vary for different paired releases. 
 

Alternatively, if there are at least two runs of the paired design then the standard 
deviation of the survival estimates can be estimated from the n observed values. The statistic 

)//()(
_

nSDSST PS  then has a t-distribution of n-1 degrees of freedom, where SD is the 

estimated sample standard deviation from the n estimated survival rates.This second approach 
may be more appropriate than the first if there are quite large random changes in the dam 
survival rate from one release to the next but the average survival rate over time may still be 
close to PSS . 

 

It is a simple matter to estimate the power to detect different amounts of difference between 
the observed dam survival rates and the assumed performance standard using Resampling 
Stats for Excel. This does not depend on the performance standard itself, but rather just on the 
difference between the true average dam survival and the performance standard.  Power values 
were estimated using 10,000 simulated sets of data with differences between the true mean 
dam survival and the performance standard of from nothing up to 0.05. 
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Simulation Results 
 

Figure 6 shows the results obtained using the first method described above, i.e. 

assuming that )/015.0/()(
_

nSSZ PS has a standard normal distribution if the dam survival 

rate equals the performance standard. This figure shows that with all values of n (the number of 
release pairs) the probability of a significant result is 0.05 when the dam survival equals the 
performance standard, as should be the case.  When a difference between the dam survival 
rate and the performance standard does exist the power to detect this increases with the number 
of releases and with the size of the difference, again as expected. 

 

 
Figure 6 The probability of a significant result with from n = 1 to 8 
repeats of the paired release design with differences between the 
dam survival rate from 0.00 up to 0.05, assuming that 

)/015.0/()(
_

nSSZ PS has a standard normal distribution if 

there is no difference. For example, with n=1 paired release the 
probability of detecting a difference of 0.01 (1%) is about 0.1 and 
the probability of detecting a difference of 0.05 (5%) is about 0.9.  
 

Figure 7 is similar to Figure 6 but gives the probability of a significant result using the 

second method described above, which assumes that )//()(
_

nSDSST PS h a s  a  t -  

distribution with n - 1 degrees of freedom when the dam survival probability equals the 
performance standard. This method can only be used with at least n = 2 paired releases and has 
lower power than the first method to test for a significant result because of the need to estimate the 
standard deviation of sample survival probability estimates from only a small number of values.
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Figure 7 The probability of a significant result with from n = 2 to 8 
repeats of the paired release design with differences between the 
dam survival rate from 0.00 up to 0.05, assuming that 

)//()(
_

nSDSST PS  has a t-distribution with n-1 degrees if 

there is no difference. For example, with n = 2 paired releases the 
probability of detecting a difference of 0.01 (1%) is about 0.06 and 
the probability of detecting a difference of 0.05 (5%) is about 0.25.  

 
 
The Virtual Paired Release Design 

 
Figure 8 shows the virtual paired release design with three releases and three detection 

locations below the dam, with the virtual releases being the fish from the first release that 
survive to the face of the dam and are detected there. With this design there are three survival 
estimates of particular interest.  These are the survival of the virtual release fish from the face of 
the dam to the first detection location (S1), the survival of the second release fish until the second 
detection location (S2), and the survival from the first to the second detection locations (S3).  
Also, it is assumed that for all fish surviving until the second detection location the probability of 
surviving to the third detection location and being detected there is ë. 
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Figure 8   The virtual paired release-recapture study design.   
Fish are released upstream of the dam face (R1), just below 
the dam (R2) and further downstream (R3).  The virtual release 
(V1) is then the fish from release R1 that are detected going 
through the dam. Survival probabilities are S1 for survival from 
entry to the dam to the first detection location, S2 for survival from 
the second release location until the second detection location, 
and S3 is the survival from the first to second detection locations. 
There is a third detection location further downstream and ë is the 
probability of surviving from the second detection location to there 
and being detected. This is a simplified version of Figure 9 in the 
Trumbo et al. (2012) report. 

 
The detection probability P1 can be estimated by the Manly and Parr (1968) method as the 

proportion of fish detected at the first detection location out of those known to have passed 
because they were released above this location and detected at least once below this location. 
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This probability can either be estimated separately for the V1 and R2 releases or for both of 

these releases together. Once P1 is estimated the number of fish surviving to the first 
detection location from the virtual release is simply the number detected from that release at 
this location divided by the estimated value of P1.  The estimated value of S1 is then the 
estimated number surviving divided by the number in the release. The other detection probability 
P2 and the survival probabilities S2 and S3 can be estimated in a similar way. As for the single 
release and paired release designs, these are not maximum likelihood estimates and should have 
standard errors somewhat higher than those for maximum likelihood estimates. 

 
Based on the design shown in Figure 8 it can be seen that the probability of a virtual release 

fish surviving until the second detection occasion is S1 x S3. However, this should also equal the 
probability of surviving through the dam until the second release location and then surviving until 
the second detection location, i.e. 2* SSDam . This is then the basis for estimating the dam 

survival probability as 


 231 /)*( SSSS Dam .It is this survival rate that will be of particular interest in 
terms of comparing the survival through dams with different characteristics.  

 
Simulations 

 
Resampling Stats for Excel was used to generate 10,000 sets of data with specified values 

for S1, S2, S3, P1, P2 and λ. This was done first to simulate the results expected to be obtained 
with subyearling Chinook with a dam survival rate of 0.93, with the V1, R1 and R2 releases all 
being of 2590 fish based on the results in Figure 10 of the Trumbo et al. (2012) report. It was 
then expected that the estimated dam survival would have a standard error of about 0.015 with a 
detection probability of 0.90 at the first detection location and slightly smaller standard errors 
with detection probabilities of 0.95 and 0.98. 

 
Simulations were also done for yearling Chinook and steelhead with a dam survival rate of 

0.96 and with the V1, R2 and R3 releases of 1410 fish based on Figure 11 of the Trumbo et al. 
report. Again it was expected that with a detection probability of 0.90 this would give a standard 
error of about 0.015 for the dam survival probability estimates, with slightly lower standard errors 
with detection probabilities of 0.95 and 0.98. 

 
Simulation Results 

 
Figure 10 of the Trumbo et al. (2012) report show that with S1 = 0.848, S2 = 0.775 and S3 = 

0.850, so that the dam survival probability is SDam = (0.848 x 0.850)/0.775 = 0.93, and with P1 = 
0.90, P2 = 0.95 and λ = 0.96 the estimated standard error from releases of 2590 subyearling 
Chinook should give a standard error of 0.015 for the dam survival estimate. Figure 10 in the 
report also suggests that if P1 is higher at 0.95 or 0.98 then the standard error will still be 0.015 
to three decimal places. Simulating 10,000 sets of data with each of the three values of 0.90, 
0.95 and 0.98 for P1 using Resampling Stats for Excel and estimation using the Manly and 
Parr (1968) methods gave exactly these results. This independent assessment therefore 
confirms that the release of 2590 subyearling Chinook with the other parameters as set should 
result in a standard error close to 0.015 for the estimated dam survival rate. 
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Figure 11 of the Trumbo et al. (2012) report show that with S1 = 0.912, S2 = 0.874 and S3 
= 0.920, so that the dam survival probability is SDam = (0.912 x 0.920)/0.874 = 0.96, and with 
P1 = 0.90, P2 = 0.95 and λ = 0.96 the estimated standard error from releases of 1410 yearling 
Chinook and steelhead should give a standard error of 0.015 for the dam survival estimate. 
Figure 11 in the report also suggests that if P1 is higher at 0.95 or 0.98 then the standard error 
will still be 0.015 to three decimal places.  Simulating 10,000 sets of data with each of the 
three values of 0.90, 0.95 and 0.98 for P1 using Resampling Stats for Excel and estimation 
using the Manly and Parr (1968) methods gave exactly these results. This independent 
assessment therefore again confirms that the sample size suggested in the Trumbo et al. 
report is correct. 

 
Conclusions 

 
The only important concern that I have with the Trumbo et al. (2012) report is with Figure 

6 and the Design Concepts section on the paired release design. According to the SampleSize 
computer package this design only has two releases and two detection locations below the 
dam, rather than the three releases and three detection locations shown in Figure 6.  Also, 
my independent simulations of data from this design using Resampling Stats for Excel, with 
two releases and two detection locations and with estimation of the dam survival probability 
for each set of data, shows that the release numbers indicated by Figures 7 and 8 are 
appropriate for obtaining standard errors of 0.015 for dam survival estimates for that design 
rather than the design shown in Figure 6. 

 
The release numbers shown in Figures 4 and 5 for the single release design and in 

Figures 10 and 11 for the virtual paired release are also confirmed by my independent 
simulation studies. In fact, the agreement with the results using the SampleSize computer 
package is surprisingly good considering that the estimation method that I used was 
simpler than maximum likelihood. 
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Appendix 1.1 

Preliminary SampleSize Single Release-Recapture Design model with ½ 90% and 
95% confidence intervals 
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Appendix 1.2 

Preliminary SampleSize Paired Release-Recapture Design model with ½ 90% and 
95% confidence intervals 
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Appendix 1.3 

Preliminary SampleSize Virtual with Paired Release-Recapture Design model with 
½ 90% and 95% confidence intervals 
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Appendix 1.4 

Preliminary SampleSize Balloon Tag model with ½ 90% and 95% confidence 
intervals 
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Appendix 2.0 

Statistical Plan for the Ice Harbor Acoustic Tag Investigations of Dam Passage 
Survival and Associated Metrics (Skalski 2011) 
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Appendix 3.0 

Methods for surgically implanting and attaching JSATS tags for biological studies 
(Axel et al. 2011)
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Appendix 4.0 

Balloon Tag Study Statistical Analysis (Normandeau et al. 2008) 
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Appendix 5.0 

Equipment Considerations (McMichael et al. 2011) 
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Appendix 6.0 

Possible Geographic Locations for Fish Releases and Acoustic Detection Arrays 
McMichael et al. (2011) 
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R1 release location about 24km upstream of Ice Harbor Dam and 1km downstream of 
the Snake River boat ramp for virtual with paired release-recapture (VPR) study design. 
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Upstream of dam: BRZ and powerhouse acoustic detection arrays for VPR. 

Downstream of dam: R2 release location and egress detection array. 
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Upstream of dam: R1 release location and powerhouse acoustic detection array for 
paired release-recapture (PR) study design. 

Downstream of dam:  R2 release location and egress detection array for PR. 
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Powerhouse direct release into units 2 and 3 for either a single release-recapture (SR) 
or PR with control release location and egress detection array in the tailrace. 
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R3 release location about 3.3km downstream of the Hood Park boat ramp for VPR and 
PR study designs and first downstream detection array below the Snake 
River/Columbia River confluence for VPR, PR, and SR. 
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Second downstream detection array about 21km upstream of McNary Dam for VPR and 
PR, and possible final detection array for SR. 
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Final detection array in the forebay at McNary Dam for VPR and PR 
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Appendix 7.0 

Quality Assurance/Quality Control (QA/QC) Plan Outline 
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EXAMPLE 

Quality Assurance/Quality Control Plan: 
 

STUDY TITLE 
Contract # 

Principle Investigators (names) 

Agency/Firm 

 

Introduction: 

Quality assurance and quality control (QA/QC), along with surveillance of quality during the 
project, will be critical to successful study implementation.  In addition to standard QA/QC 
procedures, two of the main categories of QA/QC will be diagnostics and assumption testing.  
Fulfilling these QA/QC examinations will help ensure that data and results are accurate and 
defensible.  The following actions will satisfy necessary QA/QC measures to provide accurate 
study results and these actions including surveillance efforts should be detailed throughout the 
procedures of the study plan. 

 

Pre-field QA/QC 

1.0 Study Design 

1.1 Development (short detail paragraph) 

1.2 Peer-Review (short detail paragraph include government review) 

1.3 Finalizing (short detail paragraph including response to government review) 
 

2.0 Equipment calibration 
2.1 Details (e. g. hydrophone calibration, radio telemetry receiver calibration) 

 
3.0 Equipment Install 

3.1 Details (e. g. hydrophone configuration for 3D acoustic telemetry detection and 
Yagi antennae configuration to improve location precision) 

 
4.0 Personnel Training 

4.1 Details (e. g. acoustic tag surgical procedures) 
 

5.0 Anything else necessary 
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QA/QC Throughout Data Collection 

 

1.0 QA/QC field methods  
1.1 Details (e. g. equipment use, fish releases, tagging, monitoring, etc) 

 

2.0 Other protocols  
2.1 Details  

 

3.0 Testing Assumptions and preventing violations 
3.1 Details  

 

 

Post-field QA/QC 

 

1.0 Data  

1.1 Data Collection details 

 

1.2 Data Processing details 

 

1.3 Data Analysis details 
 

2.0 Final reporting 

2.1 Consistency, formatting, government review, etc. 
 

 

Conclusions 
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