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TURBINE PASSAGE SURVIVAL ESTIMATES FOR 
THE DUNVEGAN HYDROELECTRIC PROJECT 

 
 
INTRODUCTION 
 
At the request of Glacier Power Ltd. (Glacier Power) , Alden Research Laboratory, Inc. (Alden) 
conducted an assessment of turbine survival data from existing literature to estimate turbine 
survival rates for fish species that may be subject to entrainment at the proposed Dunvegan 
Hydroelectric Project (Dunvegan Project).  The literature-based estimates of turbine survival 
were derived from data that has been reported from a large number of turbine survival studies 
conducted at North American hydro projects over the last 20 years.  Many of these studies 
focused on the entrainment and turbine survival of riverine species (i.e., non-diadromous fishes).  
The projects at which studies have been conducted are diverse with respect to project design and 
operation.  The extensive data that exists from these studies can be categorized according to 
relevant biological (species, size, body type) and engineering parameters (runner type, runner 
specifications, project head and flow rate) in order to predict turbine survival rates at existing 
projects where studies have not been conducted or for proposed projects that are still in the 
planning stages.  
 
Alden staff recently completed a review of turbine passage survival rates observed at axial flow 
(Kaplan or propeller) and radial flow (Francis) turbines in studies conducted throughout the U.S. 
(Winchell et al. 2000).  The results of this review indicated that survival rates were positively 
associated with turbine size (runner diameter and flow capacity), and were negatively associated 
with head, runner speed (rpm), peripheral runner velocity, and fish size (length).  A similar study 
that evaluated turbine survival estimates and project design parameters for axial flow turbines 
also found fish length and runner rotational speed to be correlated to survival, as well as the 
number of blades (Headrick 1998).   Because turbine survival rates are mostly dependent on 
physical factors associated with target species (e.g., fish size) and turbine design (runner type 
and size), existing survival estimates can be effectively used to estimate survival for projects 
where studies have not been conducted. 
 
 
METHODS 
 
We developed estimates of turbine survival rates for fish species that most likely would be 
exposed to turbine passage at the Dunvegan Project by evaluating survival rates from previous 
studies conducted at North American hydro projects with similar species and design parameters.  
The process for estimating turbine survival involved the following steps: 
 

(1) From the literature, we identified projects that best represent the turbine design and 
operation proposed for Dunvegan. 
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(2) From the projects identified in Step 1, we selected sites that estimated turbine survival for 
species that occur in the vicinity of the Dunvegan site or that could be used to represent 
Dunvegan species based on phylogenetic and/or morphological similarities. 

 
(3) From the turbine survival estimates identified in Step 2, we selected estimates that were 

generated from tests where control survival was greater than 90%. 
 

(4) Using the selected data, we calculated mean survival estimates for each representative 
species and/or family group evaluated in previous studies and we assigned them to the 
species that will be subject to entrainment at the Dunvegan Project. 

 
The methods that we used to guide us through each of these steps are described in detail below. 
 
Selection of Representative Projects 
 
The Dunvegan Project will have 40 bulb-type turbine units, each with four fixed blades and no 
wicket gates.  The generation capacity of each unit will be 2 MW and flow capacity will be 40.6 
m3/s.  The rated head for the project is 6 m.  Using these and other design parameters, the 
physical characteristics of propeller turbines (e.g., Kaplan, bulb, mixed flow, and tube-type 
turbines) at projects where turbine survival studies have been conducted were reviewed to 
determine their similarity to Dunvegan (Table 1).  We identified 16 projects that have propeller-
type turbines, of these only one was classified as a bulb turbine (Craggy Dam).  The turbine 
runners at most projects were listed either as propeller or Kaplan turbines. 
 
We used ± 75% of Dunvegan design parameters as the criteria to select representative projects 
for the estimation of turbine survival.  Projects that met this criteria for most turbine design 
parameters are listed in Table 1 (shaded records).  Two projects (Crescent and Hadley Falls) that 
met all or most of the design selection criteria were eliminated because the only species that were 
evaluated for turbine survival were anadromous clupeids (river herring, American shad).  
Projects that were eliminated from the evaluation of turbine survival due to turbine design 
differences included sites with considerably higher head, greater flow, and larger turbines 
(Conowingo, Lower Granite, Rocky Reach, Safe harbor, and Wanapum). 
 
Selection of Representative Fish Species, Families, and Size Classes 
 
From the list of projects that are similar in design and operation to Dunvegan, we determined the 
availability of turbine survival data for the species that occur in the proposed project area (Table 
2).  We found survival data representing two species (walleye and white sucker), three genus 
(Stitzostedion, Catostomus, and Oncorhynchus), and three families (Salmonidae, Percidae, and 
Catostomidae) that occur at the Dunvegan site.  Families for which data are not available include 
Gadidae, Hiodontidae, Esocidae, Cyprinidae, Cottidae, and Percopsidae.  Because of the lack of 
species-specific turbine survival estimates from previous studies, we grouped the data for all 
species combined and by family to evaluate turbine survival at Dunvegan.  Representative 
survival rates for Dunvegan species for which there was no available data were selected based on 
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body type.  Turbine survival data for the following species were selected from the literature to 
use in the Dunvegan analysis: 
 

- Centrarchidae: bluegill, largemouth bass 
- Catostomidae: white sucker 
- Salmonidae: Atlantic salmon, rainbow trout, chinook salmon 
- Percidae: walleye, yellow perch 
- Ictaluridae: bullhead species, channel catfish 

  
The existing turbine survival data also were categorized by fish size.  Survival data were 
assigned to one of four size classes: <100 mm, 100-199 mm, 200-299 mm, and >300 mm.  These 
size groups are similar to those that have been evaluated in many turbine survival studies and are 
recommended by EPRI (1997). 
 
Estimation of Turbine Survival 
 
All studies from which data were selected were conducted using paired releases of treatment fish 
(exposed to marking, turbine passage, collection and handling procedures) and control fish 
(exposed to marking, collection and handling procedures only).  Most of the studies utilized full-
flow tailrace netting methods to collect fish after turbine passage, while several of the studies 
utilized self-inflating “balloon tags” to buoy fish to the surface following turbine passage where 
they were dip-netted from the open tailrace.  Both of these sampling methods are described in 
detail in EPRI (1997). 
 
In most studies conducted to date, the relative recovery rate method (Ricker 1945, 1948, 
Burnham et al. 1987), or a similar technique that produces the same results (EPRI 1997), was 
used to estimate turbine passage survival rates.  With this method, the survival rate for fish 
passing through a turbine (ST) is estimated using the following formula: 
 

cc

tt
T Rr

Rr
S =  

 
where rt and rc are the number of treatment and control fish recovered live, and Rt and Rc are the 
total number of treatment and control fish recovered (live and dead combined).  Because high 
levels of control mortality (>10%) can result in unreliable turbine survival estimates (Ruggles 
1992), we did not use data from tests where control fish survival was less than 90%. 
 
Many studies estimate turbine survival at the time of recapture (immediate survival) and 24 and 
48 hours after recapture.  The delayed survival estimates at 24 and 48 hours after recapture are 
calculated as cumulative rates that account for all mortalities up to the end of a designated time 
period.  That is, all mortalities that occurred from the time of release up to the end of the delayed 
mortality period were used to calculate an overall estimate of turbine survival.  However, not all 
studies evaluated delayed mortality and some studies experienced high levels of control mortality 
during the 24- and 48-hour post recapture periods which eliminated these tests from 
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consideration in our evaluation.  This means that for some species, we had to use immediate 
survival as the best estimate of overall turbine survival.  Using the species- and size-specific 
turbine survival data reported in the literature, we calculated mean survival rates (immediate, 24- 
and 48-hour) for all selected species combined and grouped by family. 
 
 
RESULTS 
 
Mean turbine survival rates (immediate, 24-hour, and 48-hour) for all species combined ranged 
from about 84% to 100% (Table 3).  These mean estimates demonstrate that turbine survival 
generally is higher for smaller fish and 48-hour survival is lower than either immediate or 24-
hour survival.  Previous studies have demonstrated that turbine mortality increases with fish size 
due to greater probabilities for contacting turbine components (e.g., probability of blade strikes 
increase with fish size).  Decreases in turbine survival over time is indicative of higher delayed 
mortality of treatment fish versus control fish, and is likely due to injuries associated with turbine 
passage.  For individual tests where the survival rate of treatment fish was greater than that of 
controls, the estimated turbine passage survival exceeds 100%.  In some past studies, turbine 
survival was capped at 100% for obvious reasons.  However, Burnham et al. (1987) recommends 
that estimates greater than 100% should be included in survival analyses as they are a true 
representation of sampling error and are statistically valid.  Notable exceptions to size- and time-
related survival relationships are the mean survival of fish less than 100 mm in length at 48 hours 
and survival of fish greater than 300 mm at 24 hours (Table 3).   
 
The range of turbine survival estimates increases when the data are separated by family (Table 
4).  Most of the mean survival rates for each family are between 80 and 100%.  Relationships 
associated with fish size (i.e., increased mortality for larger fish) are less evident than when the 
data for all species are combined.  This may be due in part to more variability in the data 
associated with smaller sample sizes (i.e., number of tests) after the data are categorized by 
family.  Similar to the mean survival rates with all species combined, immediate turbine survival 
estimates for each family generally are higher than the 48-hour survival rates.  Categorizing the 
data by family also results in the need to use immediate survival as the estimate of turbine 
survival for centrarchids less than 100 mm in length and catostomids 100-199 mm.  Additionally, 
survival data are not available for two ictalurid size groups (<100 mm and >300 mm) and for one 
percid size group (>300 mm). 
 
We used the mean 48-hour turbine survival rates calculated for each family as estimates of the 
survival rates that likely would be exhibited by fish exposed to entrainment at the proposed 
Dunvegan Project.  There were two instances where only immediate survival data were available 
to estimate overall turbine survival (catostomids 200-299 mm and centrarchids <100 mm).  Each 
species that occurs in the Dunvegan area was assigned survival estimates from their respective 
families if the data were available.  The species for which we had no available data at the family 
level were assigned to an alternative family that best represented their body shape type (selection 
of alternative data based on body type was done in consultation with Canadian Hydro and 
through the use of information from previous studies where data from one species/family had 
been used for another species/family).  This resulted in ictalurid data being used for burbot, 
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centrarchid data being used for goldeye, and catostomid data being used for all of the cyprinid 
species (chub, dace, minnows, and shiners), the two cottids (sculpins), and the one esocid 
(northern pike) and percopsid (trout-perch).  The resulting turbine survival estimates for each 
species that may be exposed to turbine passage at Dunvegan is listed in Table 5. 
 
The estimated turbine survival for Dunvegan species ranges from 69.4% for walleye that are less 
than 100 mm in length to 100% for salmonids greater than 300 mm.  Both of these estimates, as 
well as estimates for some of the other species, may not be truly representative because of 
limited data.  Many of the turbine survival rates presented in Table 5 are based on one test.  The 
survival rate for the smaller walleye probably is artificially low, especially given that walleye 
that are more than twice as large (200-299 mm) have an estimated survival rate of the 91.7%.  
Similarly the survival rate of small fish (<100 mm) represented by catostomid data also may be 
lower than would be expected.  The survival rate for this family and size class may be a product 
of experimental error associated with the one test from which data were available.  The 95% 
confidence intervals for tests with more than one replicate demonstrate the importance of sample 
size.  Survival rates based on four or more tests have confidence intervals that are considerably 
smaller than for survival rates based on two or three tests.  Due to the small number of tests that 
most of the turbine survival estimates are based on, it may be more prudent to use survival 
estimates generated from the combined species data (Table 3) to estimate survival rates at the 
Dunvegan Project. 
 
Recent evaluations of turbine design and operational parameters that contribute to fish injury and 
mortality during turbine passage have been conducted as part of the U.S. Department of Energy’s 
(DOE) Advanced Hydro Turbine Program (ARL 1997; Franke et al. 1997).  These evaluations 
focused on the mechanisms by which fish are directly injured or killed during turbine passage in 
order to develop biological criteria that could be applied to the development of new or enhanced 
turbine designs that minimize fish injury and mortality.  Although the evaluations were 
conducted for the purpose of developing improved turbine designs, they were effective in 
identifying many of the conditions that can lead to greater passage success through existing 
turbines.  Thus, this information can be used to assess the relative importance of the turbine 
design parameters that are being proposed for Dunvegan with respect to the potential for injury 
and mortality of fish passing through the turbines.  It should be noted that the biological criteria 
developed for new turbine designs under DOE’s Advanced Hydro Turbine Program were 
selected based on the goal of achieving rates of turbine survival and injury that approach 100 and 
0%, respectively.  If the design parameters for Dunvegan’s turbines do not meet criteria 
developed for advanced turbine designs, it does not mean that passage mortality will be high.  It 
simply means that survival rates at Dunvegan may not meet the standards for the development of 
a more advanced turbine which has been designed to achieve passage survival rates between 99 
and 100%. 
 
Mechanisms by which fish are injured during turbine passage have generally been grouped into 
four categories (USACE 1995; Cada et al. 1997; Odeh 1999): 
 
• Pressure (rapid changes in pressure from intake to tailrace); 
• Shear and turbulence (high-velocity turbulent flow); 
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• Cavitation (violent collapse of low pressure cavitation bubbles); and 
• Mechanical (strike, abrasion, and grinding associated with turbine components). 
 
Studies of the effects of pressure changes on fish indicate that minimum pressures in turbines 
should not be less than 60% of the pressure at which fish are acclimated.  This supports the 
observation that probable pressure-related injuries do not occur at projects with less than 18 m of 
head (Franke et al. 1997).  Based on this finding, it is highly unlikely that any pressure-related 
injury or mortality will occur at the proposed Dunvegan Project, which will have a design head 
of 6 m.  Data on the effects of shear and turbulence are lacking (Cada et al. 1997), however, 
evidence from studies evaluating injuries associated with high-velocity jets indicates that little or 
no injury or mortality probably occurs at velocities up to 18 m/s (ARL 1997; Franke et al. 1997).  
If high velocity gradients can be minimized in the turbines that will be used at Dunvegan, there 
likely will be minimal shear and turbulence-related injuries to entrained fish.  Potential injury 
and mortality due to cavitation also should be low at Dunvegan because the turbines will be 
operated near peak efficiency (i.e., full load) when the potential for cavitation is typically 
minimal. 
 
Fish injury and mortality at low-head projects (less than 30 m) is believed to be primarily due to 
mechanical mechanisms (Franke et al. 1997).  This most likely is the result of low-head projects 
having pressure changes and shear and turbulence conditions that do not contribute considerably 
to fish injury during turbine passage.  Most mechanical-related injuries are associated with fish 
striking turbine components, grinding in gaps between components, and/or abrading along 
components (including draft tube walls). 
  
To form the basis for their development of “fish-friendly” turbine design criteria, Franke et al. 
(1997) conducted an extensive evaluation of previous turbine survival studies (the database used 
in their evaluation is very similar to the one that we used to estimate survival rates for 
Dunvegan).  Franke et al. (1997) found that 40 percent of the variation in turbine survival 
estimates could be attributed to percent wicket gate opening, blade speed, and fish length.  
Although no single variable was significantly correlated to turbine survival, the following critical 
factors that affect survival rates were identified: 
 
• Turbine type (e.g., Francis, propeller-type); 
• Fish size; 
• Trajectory of entrained fish relative to flow streams; 
• Number of runner blades (or buckets in the case of Francis turbines); 
• Runner blade speed; 
• Discharge; and 
• Angle of water through turbine blade. 
 
A similar evaluation of the same database which focused on axial flow turbines found fish 
length, the number of blades, and runner rotational speed to be negatively correlated to turbine 
survival (Headrick 1998).  Winchell et al. (2000) also determined that there was a negative 
relationship between turbine survival and fish length and runner rotational speed.  Although 
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certain parameters appear to be more important than others, all of the factors listed above 
contribute to the probability of whether entrained fish will be subject to injury from mechanical 
mechanisms.  Using some of the above parameters, an equation to estimate the probability of 
strike (often referred to as Von Raben’s equation of strike probability) was developed to estimate 
turbine mortality rates (assuming all fish that suffer strike injuries are killed) (Von Raben 1957; 
Monten 1985).  However, this equation underestimates survival rates when it is compared to the 
results from site studies of turbine passage (Franke et al. 1997).  For one site, the equation 
predicted turbine survival rates that were 3.7 to 13.9% lower than those generated through actual 
field testing.  Similarly, in a review of turbine survival studies, Eicher Associates (1987) 
concluded that there were no turbine operating conditions or designs that could produce survival 
rates greater than 90%.  More recent field studies have shown otherwise, with some turbine 
survival rates exceeding 95% depending on the site and species (EPRI 1992; Franke et al. 1997; 
Winchell et al. 2000). 
 
Citing information from field and laboratory studies and from evaluations of existing data, Cada 
et al. (1997) listed the following criteria for minimizing strike-related injury: 
 
• Minimize the number of blades or amount of blade leading edge; 
• Maximize the open space between blades and other structures; 
• Use blunt leading edges instead of sharp ones; 
• Minimize runner speed; 
• Direct fish toward the runner hub and not the runner periphery; 
• Minimize gaps between fixed and moving parts. 
 
When these criteria are considered, it is evident that survival of entrained fish should be lower at 
Dunvegan than at sites where turbines have not been selected or designed with these factors in 
mind (i.e., most existing facilities).  The primary design parameters that will minimize turbine 
injury and mortality at Dunvegan are the use of four blades, the absence of wicket gates, and the 
operation of the turbines at full load only.  Additionally, the low head of Dunvegan should 
eliminate pressure-related injuries and minimize injuries associated with shear and turbulence.  
Kaplan and propeller-type turbines at most existing hydro projects have five or six blades.  The 
use of four blades will reduce the probability of strike, resulting in lower levels of injury and 
mortality.  Narrow wicket gate settings have been negatively correlated with turbine survival 
rates (i.e., narrower gate openings result in greater levels of injury; Franke et al. 1997).  
Therefore, the absence of wicket gates at Dunvegan will eliminate one source of turbine passage 
injury, resulting in higher survival rates than have been observed for turbines with gates.  
Additionally, the absence of wicket gates means that the Dunvegan turbines will be either run 
full load or will be shut down.  Consequently, when the turbines are operating they will be 
running at peak or near peak efficiency which is when fish survival has been shown to be highest 
for most turbines.  
 
To assess the influence of the Dunvegan turbine design on the survival of entrained fish, we 
estimated survival rates for fish of five lengths (100 to 500 mm) passing through turbines with 4, 
5, and 6 blades and operated at 150 rpm (this is the probable rotational speed of the Dunvegan 
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turbines) using the following predictive model developed by Headrick (1998) for axial flow 
turbines: 
 

 S = 109.2 – 0.027(l) – 1.038(b) – 0.045(r) ; 
 
where S is the estimate of turbine survival, l is fish length, b is the number of turbine blades, and 
r is the runner rotational speed in rpm.  This model was developed from a stepwise regression 
analysis of a database comprising survival estimates from field studies conducted at axial flow 
turbines (Headrick 1998).  As expected, turbine survival decreased with increases in the number 
of blades and fish length (Table 6).  For each fish length, turbine survival was about 2% higher 
for a turbine with four blades than for one with six blades.  Similar or greater increases in 
survival may be expected if the absence of wicket gates is also considered. 
 
In addition to assessing the benefits of fewer blades, the turbine survival estimates generated by 
this predictive model generally support our conclusion that most species and sizes of fish 
entrained at Dunvegan will experience turbine survival rates about 90% or greater.  The one 
exception may be fish between 400 and 500 mm in length, which may experience survival rates 
between 85 and 90%.  However, potential turbine mortality of fish in the range of 300 – 500 mm 
in length may not be an issue at Dunvegan due to a proposed bar rack spacing that will be 
between 8 - 10 cm.  Most fish greater than 300 mm in length likely will be physically excluded, 
if not behaviorally, from passing through the Dunvegan turbines due to their body width if a 
trash rack spacing of 8 cm is used; fish greater than 500 mm would be excluded with 10 cm 
spacing.  Regardless of trash rack spacing, large numbers of fish greater than 300 mm in length 
may not be entrained at Dunvegan based on the size composition of fish that generally are 
entrained at hydro projects.  In a review of entrainment studies, Winchell et al. (2000) found that 
fish greater than 380 mm comprised less than one percent of all fish entrained, even at sites with 
bar rack spacings ranging from 6 to 25 cm.  
 
Besides turbine survival, injury rates for fish passing through hydro turbines are often a concern 
when assessing the potential impacts of fish entrainment.  However, there is very little 
quantitative data available for determining turbine injury rates.  Although pressure-related 
injuries are readily detectable, injuries associated with mechanical mechanisms may result from 
a combination of factors making it difficult to determine the exact cause.  Most data that is 
available focuses on the types of injuries that fish may experience, not quantitative estimates of 
injury incurred by a population.  Turbine injury rates generally are accounted for by recording 
delayed mortalities during a specified holding period after fish have passed through a turbine 
(e.g., 24 or 48 hours). 
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Table 1.  Summary of project and turbine design parameters for the Dunvegan Hydroelectric Project and for projects with propeller-
type turbines where turbine survival studies have been conducted.  NR indicates data were not reported.  Projects with shaded records 
were chosen for the estimation of turbine survival at the Dunvegan Project.  These projects were selected based on the criteria that 
most of their design parameters were within ± 75% of Dunvegan’s design and that the fish species that were evaluated are 
phylogenetically or morphologically similar to the species that occur in the vicinity of the proposed Dunvegan site. 
 

Peripheral
No. of No. of Unit Rated Rated Runner Runner Runner

Turbine Runner No. of Wicket Stay Capacity Head Unit Flow D iameter Velocity Speed
Project Type Orientation Blades Gates Vanes (MW) (m) (m3/s) (cm) (m/s) (rpm)

Dunvegan bulb horizontal 4 0 9 2.0 6.0 40.6 260 20.4 150.0
Buzzard's Roost Kaplan vertical NR NR NR 5.0 16.8 37.1 NR NR 240.0
Chalk Hill Kaplan vertical 4 16 NR 2.6 8.5 37.7 259 20.3 150.0
Conowingo Kaplan NR 6 24 NR 62.0 27.4 283.2 572 36.0 120.0
Craggy Dam Bulb (s-type) NR 4 NR NR NR 6.0 18.0 445 53.3 229.0
Crescent Kaplan NR 5 16 NR 3.1 8.2 43.0 274 20.7 144.0
Crowley Kaplan NR NR NR NR 1.2 NR 34.0 236 18.5 150.0
Fourth Lake tube (s-type) NR 6 13 0 3.1 23.0 15.0 165 32.1 360.0
Hadley Falls Kaplan NR 5 20 NR 15.0 15.2 113.3 432 28.9 128.0
Hadley Falls Fixed Propeller NR 5 NR NR 15.8 15.2 106.2 396 31.1 150.0
Herrings Propeller vertical NR NR NR 1.8 5.9 34.1 287 20.8 138.5
Lower Granite Kaplan vertical 6 NR NR 135.0 29.9 538.1 792 37.3 90.0
Rocky Reach Kaplan NR 6 20 NR 104.0 28.0 453.1 711 33.5 90.0
Rocky Reach Fixed Propeller NR 5 20 NR 130.0 26.4 594.7 790 35.4 85.7
Safe Harbor Kaplan NR 5 20 NR 32.0 16.8 235.1 559 31.9 109.0
Safe Harbor Mixed Flow NR 7 20 NR 37.5 16.8 260.5 610 24.6 77.0
Townsend Dam Kaplan horizontal 3 NR NR 2.5 4.9 62.3 288 22.9 152.0
Twin Branch Kaplan horizontal NR NR NR NR 6.4 11.3 152 NR NR
Wanapum Kaplan NR 5 NR NR NR 24.4 NR 724 32.5 85.7
Wilder Kaplan NR 5 21 NR 17.0 15.5 127.4 274 16.2 112.5
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Table 2.  Fish species that occur in the vicinity of the proposed Dunvegan Hydroelectric Project 
and the availability of turbine survival data from previous studies. 
 

Family Common Name Genus/Species Family Genus Species

Salmonidae bull trout Salvelinus confluentus yes no no

Gadidae burbot Lota lota no no no

Hiodontidae goldeye Hiodon alosoides no no no

Salmonidae mountain whitefish Prosopium williamsoni yes no no

Percidae walleye Stizostedion vitreum yes yes yes

Esocidae northern pike Esox lucius no no no

Catostomidae white sucker Catostomus commersoni yes yes yes

Catostomidae longnose sucker Catostomus catostomus yes yes no

Cyprinidae flathead chub Platygobio gracilis no no no

Other Species Present

Salmonidae kokanee Oncorhynchus nerka yes yes no

Cyprinidae lake chub Couesius plumbeus no no no

Cyprinidae longnose dace Rhinichthys cataractae no no no

Cyprinidae fathead minnow Pimephales promelas no no no

Cyprinidae northern squawfish Ptychocheilus oregonensis no no no

Cyprinidae redside shiner Richardsonius balteatus no no no

Cyprinidae spottail shiner Notropis hudsonius no no no

Cottidae slimy sculpin Cottus cognatus no no no

Cottidae spoonhead sculpin Cottus ricei no no no

Percopsidae trout-perch Percopsis omiscomaycus no no no

Available Turbine Mortality Data

Main Fish Species: Sportfish

Main Fish Species: Non-Sportfish
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Table 3.  Mean, minimum and maximum turbine survival rates for all selected species combined.  
Data are from previous studies that had control fish mortality rates of 10% or less. 
 

 
 

Fish Size Time
(mm) Period Minimum Maximum

< 100 Immediate 13 94.7 (7.0) 81.4 106.7
48 hr 4 84.9 (11.2) 69.4    95.5

100 - 199 Immediate 52 92.0 (8.6) 69.1 101.9
24 hr 9 91.0 (8.0) 75.9 100.0
48 hr 24 90.4 (7.0) 75.9 100.5

200 - 299 Immediate 17 88.5 (10.3) 61.1    98.7
24 hr 4 84.0 (7.2) 77.4    93.3
48 hr 11 84.4 (16.5) 43.2 106.2

> 300 Immediate 7 89.4 (13.3) 61.0 100.0
24 hr 1 100.0 (--)      100.0 100.0
48 hr 3 86.7 (11.8) 77.7 100.0

Tubine Passage Survival
N Mean (SD)
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Table 4.  Mean, minimum, and maximum turbine survival rates by family for selected species.  
Data are from previous studies that had control fish mortality rates of 10% or less. 

Fish Size Time
Family (mm) Period Minimum Maximum

Catostomidae < 100 Immediate 4 95.8 (10.5) 81.4 106.7
48 hr 1 84.6 (--) 84.6   84.6

100 - 199 Immediate 7 94.5 (5.1) 88.8 101.9
48 hr 1 92.3 (--) 92.3   92.3

200 - 299 Immediate 4 91.6 (4.3) 88.3   97.4

> 300 Immediate 3 79.9 (16.4) 61.0   90.9
48 hr 1 77.7 (--) 77.7   77.7

Centrarchidae < 100 Immediate 4 97.7 (2.5) 94.3 100.3

100 - 199 Immediate 15 95.9 (4.2) 86.4 101.7
24 hr 4 86.4 (10.2) 75.9 100.0
48 hr 7 90.2 (8.3) 75.9 100.0

200 - 299 Immediate 3 80.1 (16.8) 61.1   93.2
24 hr 1 86.0 (--) 86.0   86.0
48 hr 3 71.4 (24.4) 43.2   86.0

> 300 Immediate 2 93.0 (0.7) 92.5   93.5
48 hr 1 82.5 (--) 82.5   82.5

Ictaluridae 100 - 199 Immediate 7 94.8 (5.3) 86.2 100.0
24 hr 4 94.8 (4.3) 90.3 100.0
48 hr 7 91.2 (7.5) 80.4 100.0

200 - 299 Immediate 3 83.4 (8.7) 77.4   93.3
24 hr 3 83.4 (8.7) 77.4   93.3
48 hr 3 83.4 (8.7) 77.4   93.3

Percidae < 100 Immediate 3 90.4 (7.4) 81.8   94.7
48 hr 1 69.4 (--) 69.4   69.4

100 - 199 Immediate 4 99.4 (1.6) 97.6 101.3
48 hr 1 87.5 (--) 87.5   87.5

200 - 299 Immediate 3 89.6 (12.5) 75.2   97.4
48 hr 2 91.7 (1.1) 91.0   92.5

Salmonidae < 100 Immediate 2 92.7 (3.9) 90.0   95.5
48 hr 2 92.7 (3.9) 90.0   95.5

100 - 199 Immediate 19 85.4 (10.1) 69.1 100.5
24 hr 1 94.3 (--) 94.3   94.3
48 hr 8 90.0 (7.2) 80.4 100.5

200 - 299 Immediate 4 94.9 (6.7) 84.8   98.7
48 hr 3 93.5 (15.8) 75.8 106.2

> 300 Immediate 2 100.0 (--)      100.0 100.0
24 hr 1 100.0 (--)      100.0 100.0
48 hr 1 100.0 (--)      100.0 100.0

Tubine Passage Survival
N Mean (SD)
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Table 5.  Estimated turbine passage survival for species that occur in the vicinity of the proposed Dunvegan Project.  Estimates for 
species for which turbine survival data are not available were based on data from species in the same family or from species with a 
similar body type. 

Family from which

Species Data Were Selected N N N N

Main Fish Species: Sportfish

bull trout Salmonidae 2 92.7 ± 35.0 8 90.0 ± 6.0 3 93.5 ± 39.2 1 100.0 ± --

burbot Ictaluridae 7 91.2 ± 6.9 3 83.4 ± 21.6

goldeye Centrarchidae 4 97.7 ± 4.0 7 90.2 ± 7.7 3 71.4 ± 60.6 1 82.5 ± --

mountain whitefish Salmonidae 2 92.7 ± 35.0 8 90.0 ± 6.0 3 93.5 ± 39.2 1 100.0 ± --

walleye Percidae 1 69.4 ± -- 1 87.5 ± -- 2 91.7 ± 9.9

northern pike Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

Main Fish Species: Non-Sportfish

white sucker Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

longnose sucker Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

flathead chub Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

Other Species Present

kokanee Salmonidae 2 92.7 ± 35.0 8 90.0 ± 6.0 3 93.5 ± 39.2 1 100.0 ± --

lake chub Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

longnose dace Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

fathead minnow Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

northern squawfish Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

redside shiner Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

spottail shiner Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

slimy sculpin Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

spoonhead sculpin Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

trout-perch Catostomidae 1 84.6 ± -- 1 92.3 ± -- 4 91.6 ± 4.3 1 77.7 ± --

No data available No data available

Estimated Mean Turbine Survival (%) and ± 95% CI by  Size Class

< 100 mm 100 - 199 mm 200 - 299 mm > 300 mm

No data available

Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI Mean ± 95% CI
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Table 6.  Estimated turbine survival for fish of five lengths passing through turbines with 4 to 6 
blades and operated at 150 rpm.  Survival was estimated using a predictive model developed by 
Headrick (1998) for axial flow turbines. 
 

Fish Length (mm) 
Runner Rotational 

Speed (rpm) 
Number of Turbine 

Blades 
Estimated Turbine 

Survival (%) 

100 150 4 95.6 

  5 94.6 

  6 93.5 
    

200 150 4 92.9 

  5 91.9 

  6 90.8 
    

300 150 4 90.2 

  5 89.2 

  6 88.1 
    

400 150 4 87.5 

  5 86.5 

  6 85.4 
    

500 150 4 84.8 

  5 83.8 

  6 82.7 
 


