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Executive Summary
In 2005 the U.S. Army Corps of Engineers (USACE) began a study to investigate the response of
hatchery and run-of-the-river juvenile Chinook salmon to the effects of rapid decompression during
passage through mainstem Federal Columbia River Power System (FCRPS) Kaplan turbines. In
laboratory studies conducted by Pacific Northwest National Laboratory (PNNL) for USACE since 2005,
juvenile fish have been exposed to rapid decompression in barometric pressure chambers.
An initial study considered the response of juvenile Chinook salmon bearing radio transmitters to
rapid decompression resulting from exposure to a pressure time history simulating the worst case
condition that might be experienced during passage through an operating turbine. The study in 2005
found that acclimation depth was a very important treatment factor that greatly influenced the
significantly higher incidence of injury and mortality of rapidly decompressed Chinook salmon bearing
radio telemetry devices.
In 2006 we initiated a statistical investigation using data in hand into derivation of a new end-point
measure for assessment of the physiological response of juvenile Chinook salmon to rapid
decompression. Our goal was a measure that would more fully utilize both mortality and injury data while
providing a better assessment of the most likely survival outcome for juvenile physostomous fish exposed
to rapid decompression.
The conclusion of the analysis process was to classify fish as mortally injured when any of the eight
injuries are present, regardless of whether the fish was last observed alive or not. The mortally injured
classification has replaced mortality as the end point metric for our rapid decompression studies. The
process described in this report is an example of how a data set may be analyzed to identify decision
criterion for objective classification of test fish to a specific end-point. The resulting list of eight mortal
injuries is applicable to assess injuries from rapid decompression and is currently being applied to
ongoing studies. We intend to update this analysis as more data become available and to extend it to runof-river Chinook salmon smolts. The method itself is applicable to other injury and mortality data for
juvenile salmonids from laboratory and field studies related to all dam passage routes and for collision,
strike, and shear injuries in addition to decompression.
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1.0 Introduction
1.1 Background
In 2005 the U.S. Army Corps of Engineers (USACE) began a study to investigate the response of
juvenile Chinook salmon to rapid decompression during passage through Kaplan turbines to mainstem
dams in the Federal Columbia River Power System (FCRPS). Since 2005 Pacific Northwest National
Laboratory (PNNL) has conducted several laboratory studies for USACE involving exposing juvenile fish
to rapid decompression in barometric pressure chambers. An initial study considered the response of
juvenile Chinook salmon that had been implanted with radio transmitters. The salmon were exposed to
rapid decompression using pressure changes that were designed to simulate the worst case condition that
fish might experience during passage through an operating turbine (Brown et al. 2007). This study, and
those that followed, are unique because, in addition to other treatment factors, exposures were performed
on physostomous fish that had been allowed to become neutrally buoyant at pressures simulating the
depths at which they are commonly observed. In addition, test fish were simultaneously acclimated to
total dissolved gas levels that occur during juvenile salmon downstream migrations.
The study in 2005 found that acclimation depth was a very important treatment factor that greatly
influenced the significantly higher incidence of injury and mortality of rapidly decompressed Chinook
salmon bearing radio telemetry devices (Brown et al. 2007). In this study, fish were held for 48 hours
post-exposure to observe recovery from rapid decompression and to assess delayed mortality. However,
in subsequent studies, juvenile salmon have not been held post-exposure because of uncertainty in how to
simulate ambient river conditions during the holding period, particularly how to simulate the relationship
between depth of occurrence and total dissolved gas that turbine-passed fish would experience post
passage. In the first of these studies, necropsy and histological examination of fish alive at the end of the
exposure showed injuries that, in our opinion, physiologically would compromise their short-term, much
less long-term survival. We also felt that we were not making optimum use of all of the data we were
acquiring, particularly fish injury data.

1.2 Objectives
In 2006 we used existing data to initiate a statistical investigation into derivation of a new end-point
measure for assessment of the physiological response of juvenile Chinook salmon to rapid
decompression. Our goal was a measure that would more fully utilize both mortality and injury data while
providing a better assessment of the most likely survival outcome for juvenile physostomous fish exposed
to rapid decompression.
In this report we set out to explain the analysis we conducted to identify the injury types that would
be included in our new mortal injury endpoint for study of rapid decompression of juvenile Chinook
salmon.
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2.0 Methods
The following sections describe the statistical process used to reduce a large set of fish injuries to a
smaller set most predictive of mortality in juvenile Chinook salmon subjected to rapid decompression in a
controlled laboratory study. The study protocol for rapid decompression exposure had fish acclimate in a
vessel pressurized to a specific depth-equivalent pressure in water with specific total dissolved gas
content (TDG). Following acclimation, test fish were subjected to rapid decompression to a nadir
pressure. The pressure nadir and rate of change in pressure (ROC) immediately prior to the nadir were
recorded. Following exposure, test fish were immediately removed from the vessel and assessed as alive
or dead within 10 minutes of the test. Those still alive were euthanized before necropsies were performed
on all test fish. Presence/absence determinations were made for 45 different injuries during necropsy.
The statistical process described here follows three analysis stages that progressively eliminated injuries
at each stage to arrive at a final set found to be most predictive of mortality in the test fish.

3.0 Results
3.1 Analysis Stage 1: 2x2 Contingency Tables on Univariate Injury
with Mortality
Odds-ratios and Fisher’s exact test (Agresti 1990) results were assessed from 2x2 contingency tables
on each of the 45 observed injuries with observed mortality. In Table 1 “Emboli in Gills” is used as an
example of an injury that passes statistical assessment and is included in the injury list for additional
analysis while “Bruising of the pericardium” fails statistical criterion for additional analysis.

Table 1. 2x2 Contingency Tables for Two Injury Types with Mortality.
Pass
Emboli in Gills
no
yes

Fail
Bruising of Pericardium
no
yes

Mortality
no yes
1838
47
75
76
1913 123

1885
151 (7%)
2036

Odds-ratio:
Fisher's exact test:

39.4
p<.001

Mortality
no yes
1906 122
7
1
1913 123

2028
8 (0.4%)
2036

Odds-ratio:
Fisher's exact test:

2.23
p=0.39
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The two contingency tables in Table 1 each cross-classify the 2036 total test fish as those observed
dead or alive within 10 minutes of the test with those observed in the necropsy with or without the
specified injury. The cell counts in each table are used to compute a summary statistic called the oddsratio. The odds ratio is used in Fisher’s exact test of whether having the injury is associated with an
increased chance of mortality. An odds-ratio with value one (1) indicates no evidence that fish having the
injury are more likely to die than fish not having it. Odds-ratios that exceed one and become increasingly
large suggest an increasing likelihood of mortality in fish having the injury. The p-value of Fisher’s exact
test gives the statistical significance, or strength of evidence, of the odds-ratio.
In the example, Emboli in the Gills show a 7% occurrence rate, with an odds-ratio of 39.4 and a
highly significant p-value from Fisher’s exact test. On the other hand, bruising of the pericardium shows
only a 0.4% occurrence rate and a non-significant odds ratio. Thus Emboli in the Gills is retained into
analysis Stage 2, while Bruising of the Pericardium is not. The final result from analysis Stage 1 was that
22 of the original 45 injuries were retained for analysis Stage 2, as is shown in Table 2.
Table 2. List of Injuries Passing from Stage 1 to Stage 2. Also shown are the odds ratio, confidence
limits for the odds ratio, and the Fisher’s exact test level of significance for the occurrence of
the injury in fish that are mortally injured during rapid decompression.

Injury
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Emboli in the gills
Emboli in the pectoral fins
Hemorrhaging in the pericardium
Swim bladder rupture
Emboli in the pelvic fins
Hemorrhaging in the liver
Exothalmia (eye-pop)
Emboli in the dorsal fin
Emboli in the right eye
Hemorrhage in the right eye
Emboli in the left eye
Emboli in the anal fin
Hemorrhage in the left eye
Hemorrhage in intestines
Emboli in the kidney
Blood or bile secretions from the vent
Hemorrhaging in the kidney
Hemorrhage in the pectoral fin
Emboli in the pericardium

20 Renal capillary hemorrhaging
21 Hemorrhage in the pelvic fin
22 Hemorrhage in the anal fin

Odds
Ratio
39.4
21.1
28.3
15.3
16.1
9.3
16.3
15.6
13.8
5.8
11.9
11.1
4.9
5.0
4.0
7.8
5.7
3.6
11.9

Lower
95%CI
25.2
13.2
16.6
7.7
9.5
6.1
9.3
8.8
7.8
3.8
6.6
6.3
3.2
3.2
2.6
3.7
2.8
2.1
1.7

Upper
95%CI
62.3
34.0
49.0
34.5
27.0
14.2
28.4
27.3
24.4
8.8
21.1
19.3
7.4
7.9
6.0
15.6
11.1
6.0
71.2

Fisher's Exact
p-Value
2.0E-62
1.8E-34
2.4E-33
2.4E-27
1.8E-23
4.0E-23
1.3E-20
1.2E-19
1.6E-17
3.5E-16
2.7E-15
2.8E-15
5.0E-13
3.5E-11
5.8E-11
1.4E-07
2.8E-06
3.4E-06
6.3E-03

0.6

0.4

0.9

1.1E-02

2.7
3.2

0.9
0.8

6.8
9.7

3.4E-02
5.3E-02
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3.2 Analysis Stage 2: Stepwise Logistic Model Building Using AIC
Criterion
Model building is the process of selecting a best subset of predictor variables in a regression model
from a larger set. The stepwise model building procedure is an automated way of selecting predictor
variables through a sequence of steps. At each step, a model parameter is either added or dropped from
the current model and the resulting model is compared to the model in the previous step based on a
change in the value of the Akaike Information Criterion (AIC) (Hosmer and Lemeshow 2000; Venables
and Ripley 2000). The AIC is a goodness-of-fit measure of an estimated statistical model and was used to
determine the “best” subset of variables (1).

AIC = 2k − 2 ln( L)

(1)

In equation (1), k is the number of parameters (a.k.a. independent predictor variables) in the logistic
regression model, and L is the value of the likelihood function. When comparing two models, the model
with the smaller AIC is better. As formulated in equation(1), the AIC penalizes for more model terms
(larger k) while it rewards for larger values of the likelihood function (L) indicating better model fit. The
AIC gives a concise measure of model “parsimony” where simpler models having fewer model terms are
favored over more complex models. Adding more model terms (increasing k) will always increase (or at
least never decrease) the value of the likelihood term in the AIC, but comes at the cost of greater model
complexity. The AIC is an operational way of trading off the complexity of a model against goodness of
fit.
While injuries were considered one at a time in analysis Stage 1, analysis Stage 2 also considers pair
wise correlations between injuries (i.e., main-effects model terms) in arriving at the best subset of
variables. The 22 injuries retained from Stage 1 (Table 2) were fit together to a logistic regression model
taking a 0/1 binary of mortality as the response variable. The fitted model was then subjected to a
stepwise process as described, which, in the end, retained eight injury main effects in the final model:
1. Hemorrhaging in the pericardium
2. Hemorrhaging in the liver
3. Hemorrhaging in the kidney
4. Ruptured swim bladder
5. Exothalmia (eye-pop)
6. Blood or bile secretions from the vent
7. Emboli in the gills
8. Emboli in the pelvic fins.

3.3 Analysis Stage 3: Stepwise with Two-Way Interaction Terms
The eight injuries listed above were next fit to another logistic regression model, along with all 28
possible two-way interaction terms. This stage addresses the possibility that one or more of the eight main
effects injuries are only important when they occur in combination with another injury. Should that be the
case, the stepwise selection process would drop the main effect (injury) term out of the model, and that
variable would be included only in interaction term(s) retained in the final best model for analysis
4
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Stage 3. However, the analysis determined that all eight main effects injury terms should be retained,
rendering the interactions no longer relevant. The eight main effect injuries (listed above) were then
reviewed by project biologists who concurred with their selection.

4.0 Conclusions
The analysis process resulted in classification of fish as mortally injured if any of the eight injuries
were present, regardless of whether the fish was observed as alive." As a result of this process, the term
"mortally injured" is now used as the end point metric (rather than "mortality" for our rapid
decompression studies.
The process described in this report is an example of how a data set may be analyzed to identify
decision criterion for objective classification of test fish to a specific end-point. The resulting list of eight
mortal injuries is applicable to assess injuries from rapid decompression and is currently being applied to
ongoing studies. We intend to update this analysis as more data becomes available and to extend it to runof-river Chinook salmon smolts. The method itself is applicable to other injury and mortality data for
juvenile salmonids from laboratory and field studies related to all dam passage routes and for collision,
strike, and shear injuries in addition to decompression.
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