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PREFACE

This report summarizes the results of a workshop held to receive expert advice and review existing Columbia
River models that include juvenile salmonid predation components and. if warranted, recommend alternate modeling
approaches. The workshop was limited to models or modeling approaches that may have practical application to the
specific problem of increasing survival of juvenile salmonids in the Columbia and Snake rivers by reducing
predation losses.

The U.S. Fish and Wildlife service (FWS) and the Oregon Department of Fii and Wildlife (ODFW) under
interagency agreements with  the Bonneville Power Administration (BPA) conducted a multi-year study of the impact
of predator populations cm juvenile salmonids in the John Day Reservoir of the Columbia River. The studies were
part of BPA's implementation of the Northwest Power Planning Council's (NPPC) Fish and Wildlife Program,
designed to protect and enhance production of salmon as mitigation for losses caused by hydroelectric development
The FWS agreement with BPA includes provisions for refinement or development of models to understand the
dynamics of predation on juvenile salmon as a basis for considering active intervention to reduce predation losses.

The BPA sponsored the workshop that included a review of existing and proposed modeling approaches,
identification of model development needs, and identification of data needs to support modeling efforts Pacific
Northwest Laboratory (PNL) provided workshop design, facilitation, and support services including preparation of
this summary. The PAScoordinated workshop planning and implementation. A Steering Cunmittee provided
consulation to the FWS and PNL and provided review comments on the draft report.

Workshop participants were selcted to represent a board range of experience in regional predation issues and

model development, and to include modeling experts from outside the region. The workshop was held at the
University of Washington's Friday Harbor Laboratory in Friday Harbor, Washington, at May 16-19,1989.
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SUMMARY

Pacific Northwest Laboratory facilitated the
Predator-Prey Workshop for the Bonneville Power
Administration. The objective of the workshop was to
obtain expert advice about modeling predation on
juvenile salmonids in the mainstem Columbia and
Snake rivers. Models are useful as tools for
synthesizing field and laboratory data on predator-prey
interactions and can provide valuable information for
management of predation with the goal of increasing
production of salmon.

Workshop products include: 1) a critical review of
existing Columbia River models that include juvenile
salmonid predation components and altermative
modeling approaches, 2) suggestions for
improvements to existing models to better address
important questions related to predation management
and predator-prey dynamics, and 3) research needs
related to better understanding predation.

Interspecific and intraspecific relationships were
identified as primary factors that relate to predation.
However, current implementation of existing models
do not address these relationships. Modifications to
some existing models or use of an alternate approach
(individual based models) could deal with interspecific
and intraspecific relationships. Although, participants
agreed that litde information is currently available,
knowledge of such interactions is important to
evaluate proposed predation control measures,
particularly those that involve predator removal.

Workshop participants agreed that it is desirable to
continue development of a suite of models at different
levels of detail and with different approaches to
formulating predator-prey relationships. A multiple-
model approach offers the ability to respond to a range
of objectives, permits comparison among model
results, and makes it possible to examine implications
of alternative hypotheses related to predation.

Participants agreed that residence time of smolts in
the reservoir may be a critical factor affecting predation
montality. However, there was disagreement that there
was a direct proportional relationship between
residence time and monality rates; it was argued that
the relationship is complex and that many factors may
affect predation mortality of smolts including: flow
ratcs, temperatures, smolt condition, smolt
dcvelopment, and habitat preference.

The following recommendations, not listed in order
of priority, were adopted by consensus:

o Multiple approaches should be pursued to
investigate uncertainty in model structures and

approaches.

o Reservoir research models should be developed to
investigate the effects of reducing predation.

» Development of the Columbia River Ecosystem
Model (CREM) as a reservoir and multireservoir
research model should be continued.

*  The wility of the individual-based approach
[probalistic encounter event]! should be explored as
a means of accurately determining predation on
smolts.

« Techniques should be developed 10 potentially
include an explicit predation component, which is
appropriately reflective of research results, in
management models.

¢ The Reservoir Mortality/Water Budget
Effectiveness Technical Work Group should
consider the research needs recommended by this
group in development of their research plan.

o Current efforts to develop the Coordinated
Information System should continue in such a way
as to permit better integration of models with the
database.

« Additional sensitivity analyses should be conducted
where data are available to assist in prioritizing
research.

»  Uncertainty should be an explicit part of model
output.

*  Documentation should be developed for all research
and management models.

* A specific communication and interaction system
should be developed among research and
management model developers.

’Tcxl enclosed in brackets [ | was added after the workshop for
clanficauon.
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1.0 INTRODUCTION

Recent studies in the Columbia River have
indicated that loss of juvenile salmonids to resident
fish predators is a significant factor in mortality of the
juveniles as they migrate through mainstem reservoirs
in the Columbia and Snake rivers (Poe and Rieman
1988). A broad-scoped programis being undertaken to
increase salmon production in the Columbia River
Basin as a means of mitigating the losses caused by
extensive hydroelechic development (Nppc 1984).
Active intervention to reduce predation losses is being
considered as a potential way to increase survival of
outmigrants.

The Bonneville Power Administration (BPA) has
sponsored work by the U.S. Fish and Wildlife Service
(FWS) to develop and implement mathematical models
of predation. The purpose of the modeling effon isto
help fishery biologists and resource managers
understand predation, to test hypotheses regarding
predation, and to examine potential predation-control
measures.

BPA commissioned Pacific Northwest Laboratory
(PNL) to assist FWS in designing and conducting a
workshop to obtain expert advice on predator-prey
modeling. The advice will be considered by FWS,
BPA.. and the regional fishery community in planning
futher predator-prey model development work.

Theworkshop included acritical review of current
models and modeling approaches identification of
model development needs, and identification of data
needs to support modeling efforts. The workshop was
limited to consideration of models or modeling
approaches that may have practical application to the
specific problem of increasing survival of juvenile
salmonids in the Columbia and Snake rivers by
reducing predation losses.

Reviews of four existing models (RESPRD,
CREM, SPM. and STOCHASTIC FISHPASS) were
presented by their developers. The presentations
included brief descriptions of the models, parameters.
assumptions, and outputs as available. Additional
approaches to predator-prey modeling were identified.
Objectives, capabilities. and relative merits of each
model or approach were discussed.

Research needswereidentifiedin sevcral important
areasrelated to factors that may influence predation.
and theneedswere prioritizd. Specific approaches to
model formulation were reviewed and discussed. The
guestion of integration of mechanistic predater-prey
models into more general system models was discussed
at length, but not fully resolved.

This report presents the workshop results in eight
sections. Summaries of the existing models are
presented in Section 2. Alternative approaches to
modeling predation are described in Section 3. Section
4 describes objectives of predator-prey modeling in the
context of the Columbia River Basin. Model
capabilities are compared in Section 5. In Section 6,
research needs to better understand predation are
identified. Section 7 describes the discussions about
integration of predation models with general system
models. Workshop recommendations are listed in
Section 8. Appendixes provide the presenters
summaries of the four models that were reviewed, a
list of the participants, and the workshop agenda.

Throughout the report italic type is used to indicate
specific language recorded during the workshop.
Brackety ] are usedtoindicatetext that was added
after the workshop to clarify specific points. Minor
grammatical or spelling corrections are not marked.



2.0 MODEL SUMMARIES

The developers of four existing predator-prey
models were invited to present summaries of their
models and approach to simulation of predator-prey
relationships Written summaries are included as
Appendixes A-D. The four models are briefly
described below

Each model was developed to meet a specific
objective and each has certain advantages and
disadvantages. A problem common to all approaches
is the paucity of data from which to derive critical
parameters. Some critical aspects of each model are
dependent on a small number of data points. For
exampk, spatial distribution of predators and prey and
the size and species composition of predator
population are not always determined. Bias associated
with estimates of prey abundance affects mortality
estimates The underlying approach to development of
a particular model may affect the importance of any

one parameter.

Participants concluded it is unlikely that a single
model would be capable of addressing all objectives.
Practical considerations, such as current understanding
of mechanisms influencing predation. model
complexity, hardware availability, execution time, and
availability of input data, necessarily force model
developers to make tradeoffs. Although it is feasible
todevelop a model that provides a fine-scale spatial
and temporal resolution and examines specific
mechanisms of predation, such a model must be
limited in scope, Alternatively, it is possible to
develop a system-wide model that considers a long
time period (multiple generations). However, the
latter must be limited to lower resolution and more
general approaches to mechanisms of predation.
Participants concluded that a suite of models will be
needed ( Differert models for different folks?.

2.1 RESPRD

RESPRD (REServoir PReDation) was developed to
organize current understanding of predation and to
systematically evaluate alternatives to predation
management. RESPRD originated from the
framework of the Columbia River Ecosystem Model
(CREM). described below. RESPRD was developed
as a compartment model and implemented for the John
Day Reservoir. As implemented, it is limited to a
single reservoir. It is not a predictive model of
mortality but is best used for sensitivity analyses.

Its main advantage is that it is fairly simple in
design. Simplicity permits parameters to he estimated
easily because there are relatively few functions in the
model. The model can be readily fit to available data
and is believed to include most of the critical factors
that influence predation Because the model is
empirically based, it is readily defendable and not
speculative. The model provides fairly high confidence
in those areas where good information is available.

Its disadvantages include over-dimplification so that
some critical features of predation are ignored
RESPRD is limited to a single predator and a single
prey species, and thus cannot address interactions
between prey size and species It does not provide
fine-scale information. Verification of the model
requires measurement of reservoir mortality, a task that
is considered by many to be beyond the state-of-the-art
(Anderson et al. 1989). The driving functions
(temperature, Bow) are input as determiant functions,
not accounting for variability in the observed data

2.2 CREM

The objective of CREM is to evaluate mortality of
multiple species of salmonids to multiple species of
predators in response to variation in spatial structure
and many environmental variables. CREM is similar
to RESPRD but can be extended to include several
species of predators and prey, additional spatial
partitioning, and consideration of multiple reservoirs.
Like RESPRD, it is a compartment model. Predation
is represented as a response function that can have
several variables. CREM is currently implemented for
northern squawfish in the tailrace area below McNary
Dam and John Day Reservoir.

Its advantages include the ability to handle detailed
hypotheses. Model parameters can be developed for
many factors that influence predation. The model is
easy and inexpensive to execute and run. It is flexible
in the number of compartments and can therefore
handle multiple years, multiple reservoirs, and
population dynamics. It can handle stochastic
variability and is based on empirical data. CREM
could handle interspecific interactions, although
obtaining the necessary data to support interspecific
interactions would be difficult

Its disadvantages include: input and output are not
user-friendly; a data editor is required to understand
output, the model is data intensive and “hungry” for



input data; and it is difficult to extend the model to
other spatial zones due to the difficulty in developing
parameters. CREM does not provide fine-scale detail,
but rather deals with averages.

2.3 SPM

The objective of the NPPCs SPM is to provide a
summary of current Columbia River system
understanding as a basis for measuring progress in
enhancing adult salmonid production, evaluating
management options related to salmonid production,
and identifying research needs and uncertainties. The
SPM was developed to explore salmonid production
throughout the Columbia River Basin and is used in
decision-making related to the broad implementation of
the Fish and Wildlife Program. It does not include a
specific predation component. but rather considers
reservoir mortality as a single rate for each reservoir.

Its advantages include simplicity, which reflects the
current understanding of the system. and transparency,
which allows a large, non-technical audience to
understand the model. Output data can be readily
compared to monitoring data. Such a comparison can
be helpful in better understanding how the river system
operates to produce salmon. As implemented. the
model is written in PASCAL and is hardware

independent

Disadvantages include that, although its
mechanisms are relatively easily understood. it is still
not as easily understood by potential users as its
developer would like. leaving room for improvement
in its coding. It does not include capabilities to
analyze all sub-basin management options. The
System Planning Model is non-stochastic, thus while
it is easy to understand how the model works, it does
not provide insight on the effects of uncertainties and
variability. The large time step provides only a crude
understanding of temporal processes It requires a large

amount of data, much of which includes large
uncertainty. It does not realistically handle predation
processes. The relationship between flow and survival
is counter-intuitive but limited by the lack of data
between moderate and low flow rates. The Beverton-
Holt (Beverton and Holt 1957; Ricker 1975)
relationship on which the model is based may not be
the appropriate production function.

24 STOCHASTIC FISHPASS

The objective of STOCHASTIC FISHPASS is to
study travel time and survival of juvenile fish during
migration. STOCHASTIC FISHPASS provides a
stochastic formulation of juvenile salmonid survival.
It was written to evaluate research. The model was
described by its developer as “doing everything, but no
one believes it.”

Its advantages include a semi-mechanistic basis for
development and a probabakistic/stochastic approach.
The model can handle a wide range of temporal scales
(from daily to seasonal). The spatial scale is reservoir-
specific, permitting flexibility in application. It is
easy to use and outputs are user-friendly. Parameters
can be estimated from available monitoring data. The
flexible data structure permits ready expansion to a
complete system model. The model mechanisms are
very simple (e.g., Poisson survival process, random-
walk travel time).

Ifs disadvantages include dependernoeon expensive
(S 1 OK) hardware. Predation-related mortality of smolts
in the model is based upon a poisson encounter
process, which is unverified at this time. It is
dependent on the number of fish passing the upstream
dam and thus on proper estimates of collection
efficiency. which are difficult to obtain. The
underlying theory is complex and the model requires
large amounts of input data.



3.0 ALTERNATIVE APPROACHES

Four alternative approaches to predator-prey
modeling were identified during the workshop. Two of
these were considered in sane detail, while the others
were dismissed as unlikely to meet objectives of the
predator-prey modeling effort

3.1 BIOENERGETICS

A bioenergetics approach would use predator
growth as a driving function and translate the required
ingestion of calories to support the observed growth
into prey consumption rates Boienergetics approaches
are fairly well developed for fishes (Stewart et al.

1983, Bartell et al. 1986) and have been used to
examine growth and consumption, to organize
information on energy use by fish and to suggest
hypotheses. The hioenergetics approach could help
estimate the amount of prey consumed and could
provide an upper bound to the potential effect of
predation control, although it could not address size
sclection by predators. Several of the parameters
needed to run the bioenergetics model for northern
squawfish have already been developed (i.e., evacuation
rates and maximum consumption) but several other
parameters (e.g., respiration and volitional swimming
speed) would need to be developed before the model
could be implemented for northem squawfish.

3.2 PROBABALISTIC ENCOUNTER
EVENT

A probabalistic-encounter-event behavioral model
(e.g.. DeAngelis et al. 1984 Adams and DeAngelis
1987) would permit fine temporal and spatial

resolution and could be used to examine several
specific problems (i.e., size relationships among
predator and prey species, predator growth rates.
predator and prey density, mechanisms of encounter)
and factors such as turbidity that might influence
encounter among predators and prey. This would
involve a mechanistic approach to interpretation of
observed data However. there is little available
information on predator behavior on which to base
such a model. Although much new data would be
required to refine the model, a first-order model might
be developed using only existing information.

3.3 OTHERS

Two other alternative approaches were briefly
discussed, but not evaluated further. The first was a
modified Lotka-Voltera (Lotka 1925; Volterra 1926)
formulation. This would combine growth and
mortality into a single function and thus not permit
fine-scale information to be included and would not be
suited to examine factors that influence predation nor
detailed effects of predation control measures. The
second was an improved linear regression system
model A multiple regression could be performed on
several of the variables likely to influence predation.
This would require huge amounts of data to be
collected for many years and is not practical given the
urgency of the need to understand predation as it relates
to enhancement of salmonid populations in the
Columbia River.



4.0 MODEL OBJECTIVES

A general list of uses of predator-prey models was
developed within the context of the Columbia River
Basin. Participants identified several broad objectives
of modeling, including to:

« interpret theeffects of residence time on morlality

» predict theeffectiveness of predation control
programs

. examine the cost-effectiveness of predation control
vs. other potential [management] activities

. determine the impact [of predation and of predation
control measures| on sub-basin plans

identify and prioritize factors that affect predation

. identify research needs f u r therunderstand
influencing factors.

Participants discussed many issues related to
applicability of the models and confidence in their use.

There was some discu.ssion on whether any model
could provide enough detail to manage ths reource
when the entire life cycle, including ocean survival, I1s
considered. A need to know what models have done to
augment our present. empirically based understandings
was expressed. The question of how models can be
used to enhance our ability to manage the resource was
raised. The group concluded that confidence in models
is a key to their acceptance and use by the technica

community and resource managers. The impor: ance o

confidence in the models implies a need for comparing
model results with observed values over a range of
outputs.

Participants were asked to identify and rank specific
statements about the objectives of mod. ling. A
discussion draft based on work by the Steering
Committee was distributed as a starting point.
However, the group was reluctant to acogpt the draft
list, and they developed two lists of potential uses for
predator-prey models. The first was a generic list of
questions that such models might be used to adress:

« Is predation a problem?
— Where? (Which reservoir '
-For whar species?
— When?
— How much?
— What size and condition?

« How does predation afecl system productivity?

* Howdoes predation relate to the viability of wild
stock?

. What is the€ffect ofpredation control relative 10
other mitigation measures?

. Isthere any interaction between predation effects
among reservoirs?

. What are the systems interactionthat relate to
predation?

How does system management influence predation

The second list includes factors that might
influence predation (Table 1). This list included an
indicator of the status of current information about the
relationship between each factor and predation on
juvenile salmonids in the Columbia River. After the
list was developed. each participant was given seven
votes to indicate the most important factors. The vote
tallies serve as an index of relative priority for
additional study. All top ten ranked factors are ones
about which there is little or no information available.

Participants engaged in a lively debate over the
importance of residence time in areservoir as it relates
to predation. No consensus was reached on the
relationship between residence time and mortality due
to predation. Some major points discussed were the
specific relationships (simple or complex) between
residence time and predation mortdlity, the effects of
flow on residence times. predatory behavoir of northern
squawfish, and differential habitat use by smolts with
long residence times.

Among the most important factors were predator
population dynamics and distribution. Interspecific
and intraspecific relationships were also considered
important These factors are of particular importance
to understanding the effects of proposed predator
removal measures. Also important were prey
condition (degree of smoltification, disease, injury) and
prey population density and size structure.

Apparently participants believed that because some
information (i.e., from John Day Reservoir only) was
available on existing predator species and population
size predator growth rates, predator mortality and
timing of smolt migration these factors did not merit
as much attention as the higher priority items.



focus on the most important factor was not intended

The vote-tally scores had a break between 9 and 7 to indii that those of lower rank were unimportant
votes. There was not enough time during the in understanding predator-prey dynamics. The ranking
workshop to consider all of the factors in detail. is only relative, and no attempt was made during the
Consequently the first seven factors (scores 18 through workshop to provide an absolute evaluation of the
9) were considered further as modeling approaches were importance of the various factors.

compared and research needs were developed. This

Tabk 1. Factors that May Influence predation. (Entries are grouped and listed by relative importance,
as indicated by vote of workshop participants.)

Current
Score® Knowiedge®
18 None
12 None
11 Some
10 Unknown
10 NOW
10 Some
9 Some
7 Unknown
7 None
6 None
5 Substantial
5 Some
4 None
3 substantial
3 Some
2 Substantial
2 substantial
2 Substantial
1 Unknown

Factor

Residence time

Prey condition

size structure of prey

Predator distribution with respect to prey:
*Spatial

« Temporal

Inter-specific (compensatory relationships) and intra-
specific (cannibalism) interactions

Size structure of predators
Frey numbers

Flow

Route of passage through dam
Wild vs hatchery stock
predator population
Species of prey

Disease
Gonthratedipredators
Temperature

Species of predators

Prey timing

Predator mortality

Transportation



Current
Score® Knowledge®

1

1

0

0

Unknown
None
Some
Some
Some

Unknown

None

Some
Some

Some

Tabk 1. (contd)

Fac tor

Origin of smolts (how far upstream?)

Visibility/turbidity

Spawning activity of predators

Shore habitat

Fecundity of predators (year class, population dynamics)

ponerpesldig

Alternative mortality of prey (within reservoir) (disease,
nutrition, DO, residualization,. . .)

Preconditioning of prey

Effect of spill

Alternative food sources

(a) Number of votes each received Each participant had seven votes for a single
issue were allowed
(b) Status of current knowledge of the factor as it relates to predation in the Columbia River.




5.0 MODEL CAPABILITIES

Some advantages and disadvantages of each model
were described in Section 2.0. Each model was
developed for a specific objective, and consequently
they cannot he directly compared. Nevertheless. each
of the model developers was asked to relate each model
to each of the seven most important factors in Table !
that might influence predation (Table 2). An extensive
discussion was held regarding the precise wording of
the question that was being addressed (see Table 2 for
the question). This was complicated by the fact that
many of the models could be modified (with varying
degrees of effort) to handle most of the factors. The
group agreed to respond to the question of capabilities
based on present implementation of the model, with
not mote than a one-day effort to modify the code for
existing models.

Two key factors (prey condition and interspecific
and intraspecific relationships) cannot he addressed by
current models as they are implemented. Revision of
current models or implementation of an individual-
based encounter-type model will be necessary for
addressing inter- and intra-specific relationships.
Assessing compensatory mechanisms will be
particularly important to understanding the affects of
predation control efforts. The effects of predator
removal on population dynamics of the target species
as well as alternative predator species are keys to
evaluating the efficacy of removal efforts.

Table 2. Model Capabilities Relative to the Most Important Factors that Influence Predation.(Responses to the
question: Does this model. as presently implemented, accept a given factor as an explicit input?)

NPPC STOCHASTIC PROBABALISTIC
EACTOR BESPRD CREM SPM —EISHPASS | ENCOUNTER EVENT
Rai&ncc time Yes Ya No Yes Not Applicable Ya
Prey condition No No No No No Ya
size structure of prey No Ya No No Maybe yes
Sizestructure of No yes No No yes yes
predators
Predator distribution Yes yes No yes No yes
with respect 1o prey:
« Spatial
* Tamporal
Inter-specific (com— No No No No No No
ships) and intra-
specific (canni—
balism) i .
Prey numbers Yes Ya No yes No yes




6.0 RESEARCH NEEDS

Research needs were identified that relate to
important factors that may influence predation. The
entire workshop initially developed a list of research
needs related to the effect of residence time. Due to the
lengthy discussion needed to develop the list for
residence time. three subgroups (Table 3) were then
formed to address remaining issues-research needs
related to prey, predators, and understanding
interspecific and intraspecific interactions among
predators. The group considering prey also considered
research needsto understand predator-prey encpunters,
which were not specifically included on the previously
developed list of factors. Each group reported its
findings to the entire workshop and all three groups
discussed and added to the identied research needs.

The research needs were ranked by individual
voting. Each participant had 10 votes and could
distribute them however he believed appropriate
(including multiple votes for a single research need).
Prior to the ranking exercise, participants agreed that
they were voting in response to the question. “How
important are these research needs in the context of
better understanding the dynamics of predation as they
relate to [predation] control?” Results of the ranking
exercise are indicated in Table 4. The results should be
inerpreted with caution because the questions represent
different levels of detail. The ranking is consequently
relative and should be used only as an indication of
relative importance to this group.

Research needs that ranked relatively high included
information on the relationship among residence time
and predation and the effect of flow on residence time;
information on the spatial distribution of smolts and
its effect on predation; data on concurrent predator and
prey distribution; information on effects of size.
disease, and stress on smolt susceptibility to predation;
and information to develop an encounter probability
model.

The general nature of research needs that we.re
identified to better understand interspecific and
intraspecific relationships suggests that this area is
less well understood and needs additional conceptual
thinking to develop specific research questions.
Workshop participants identified needs to understand
the effect of predator removal on predation by the
target species and changes in population dynamics and
smolt consumption by other predator species.

Specific approaches that might be used to respond
to some research questions were identified but not
discussed in depth. For example, some residence time
issues might be addressed by the suggested probability-
of-encounter approach to predator-prey modeling. A
detailed “fish-viewpoint” model could include habitat
and other factors that were mentioned as complexities
in the residence time-predation relationship.

Table 3. Composition of Working Groups to ldentify Research Needs

(Frey-Related (Predator-Related (Interspecific and Intra-
_Research Needs) —Research Needs)- Specific Relationships)
Ray Beamesderfer James J. Anderson Jim Breck
L. J. (Sam) Bledsoe Larry Brown Mike Cuenco
John Emlen Danny Lee Don DeAngelis
Al Giorgi Jim Petersen Jim Geiselman
Bill Maslen Brett Sherer Chip XlcConnaha
Stephen Mathews Charles Simenstad Tom Poe
Tony Nigro

Steve Vigg




Anothu approach was to use gillnet studies and
radio- or acoustic-tagging to monitor smolt
movement. Current battery technology and the small
size of smolts limits tag life to about 7 days which is
insufficient to examine movement in the reservoirs. A
recently developed approach to use radiotransmitting
tags that can be “queried” with an acoustic signal to

residence times. Flow may affect predation in other
ways than by direct relationship with residence time.
For example, flow may be related to spatial
distribution, turbidity, and temperature. any of which
may influence predation rates.

Suggested methods for determining distribution of
adults include tags. gill nets, hydroacoustic studies,

turn them on for brief intervals was suggested as a
means of extending tag life.

It was suggested that explicit recognition be given
to the fact that the population residence time is not a

and experimental removals. For early life history
studies, beach seines, trawls, and SCUBA were
suggested. Encounter work would likely require
laboratory studies and use of remotely operated
underwater vehicles

single value, but rather a distribution of individual

Table 4. Research Questions/Needs for Better Understanding of the Dynamics of Predation. Grouped by factor,
with the number of votes each received. (Higher total votes indicates higher priority.) See text for explanation.

Score

Research Issues

Residence Tii (38)

(Both flow at the dam and velocity in the finer spatial strata are potentially important)
(Backroll or frontroll may concentrate smolts; therefore, they may not travel through the BRZ
How can separate estimates of movement and predation loss be developed from tagging study

(Both movement and predation losses are combined and confounded by present methods. The
distribution of marks is subject to differential susceptibility to capture and other factors.)

(Example hypothesized factors include learning. spatial distribution, and predatory behavior.)

11 Is predation mortality proportional to exposure (residence) time?
9 Howdoesfiowaffect-time?
8 Develop additional data points for the relationship between Row and survival
6 What is the residence time of sub-yearling Chinook in the body of the reservoir?
2 How does the level of smoltification affect travel time?
1 What are the differences in residence time amojng fine spatialincrements of the reservoir?
1 What is the residence time in the Boat Restricted Zone?
in the same time as the mean water travel time.)
0
results?
0 How do smolts with long residence time in the reservoir use habitat?
0 What is the effect of specific hypothesized factors on residence time and predation?
0 What is the impact of the number of pedators on residence time?
0

What is the residence time of smolts that are preyed upon vs. those that survive?
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Table 4. (contd)

Score Research Issues

Prey Condition (e.g., disease incidence, smoltification level. injury) (25)

9 Does predation vary among “healthy” vs. diseased or injured fish?

8 What effects does stress have on predation level?

7 Is there a difference in predation on wild vs. hatchery fish?

1 Do fish with accelerated smoltification level and higher migration rate avoid predation better than
controls?

0 How does survival of developmentally impaired (genetics, assmetric) smolts compare to
"healthy" fish?

0 What data already exist regarding the relationship between smolt condition, migration rate, and
survival?

Prey size Structure (12)

9 How does probability of loss to predation vary as a function of prey size?
(Fws characterized the predator size/prey size relationship

2 What is the size structure of each cohort of species/race in the river, especially sub-yearlings, as
relatedtopredatorsize?
(FWS examined some of this work;)

1 What are the interactions between size of fish when they leave the system, and environmental
conditions?
0 How does distribution. migration rate, and habitat use vary with prey size?

(the National Marine Fisheries Service may have some data)

0 How does electivity (as related to predator size) change with changes in prey size structure, species
composition, and density?

Prey Numbers (17)

10 How does consumption rate vary spatially as a function of prey numbers, especially in the body
of the reservoir and at high prey densities?

7 How many prey are in the reservoir. by area (e.g., boat restricted zone, tailrace). and by species,
race,and size?
(Sampling efficiency estimates are not sufficiently developed to expand migration indices to
population estimates.)
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Table 4. (contd)

Score Research Issues

Predator Distributions (22)

19 Information is needed on predator distribution by size and concurrently with data on prey
distribution.
. Vertical and onshore vs offshore distribution in the body of the reservoir
. Vertical distribution within the forebay and effects of structures and lights
. Distribution of spawning and early life history stages (larvae) with regard to limiting
habitat
. Horizontal distribution within the tailrace and effects of light
« Onshore and offshore in the reservoir
. Seasonally

3 What factors drive predator distribution?
Behavioral Encounter Data (11)

1 Data are needed to evaluate the probability of encounter of predators with prey and subsequent
probability of capture, including effects of:
*-size
. Light
. Satiation
. Predator density or dominance structure

e eneOmiem  2xmen

Interspecific Relationships (32)

11 How do we measure or index survival rate of smolt passage in relation to northern squawfish
removal?
9 How do consumption rates of smolts by other predator species change [in response to northern
squawfish removal]?
7 What is the relationship between year class strength, growth, and mortality among predator
species?
3 How does the popuaion structure of predator and prey species change in both the short- and the
long-term [in response to northern squawfish removal]?
2 What determines year class strength (abiotic and biotic factors)?
0 what is the fecundity of predator species [other than northern squawfish]?

12



Score

Table 4. (contd)

Research Issues

Intraspecific Relationships (23)

9

9

Develop a model to design and evaluate experiments to test effects of predator removal.

What happens to long-term growth and short-term consumption rates of northern squawfish
remaining after removal [of a portion of the squawfish population]?

How does the size and age structure [of northern squawfish populations] change [in response to
removal]?

Does fecundity and recruitment of remaining northern squawfish increase [following removal of a
portion of the northern squawfish population]?

How does the diet of northern squawfish shift [in response to removal]?

How does the sex ratio [of northern squawfish change [in response to removal]

How does the spatial distribution [of northern squawfish] change [in response to removal]?
What are the behavioral and dominance relationships [within northern squawfish populations]?

What determines year class strength [for northern squawfish]?

13



7.0 SYSTEM AND PREDATION MODEL INTEGRATION

The Steering Committee wanted the workshop to
address ways to integrate predator-prey models with
general system models. After lengthy discussion, it
became apparent that such integration may not be
practical at this time. However, several needs were
identified that would facilitate development of both
kinds of models and make their evaluation and
comparison more readily accessible.

The existing system models are intended to
examine production over a long period of time as a
basis to understand salmon production in the
Columbia Basin and for general considerations of
system management issues. They can deal with
cumulative effects in a series of reservoirs over one or
more life-cycles. They may have utility in combining
separate components of the larger system operation to
examine how they interact with each other and in
communicating uncertainty to decision makers.
Because the models need to be used and understood by
decision makers and the general public, they are
necessarily simplified. They operate with a long time-
step increment and do not attempt to provide fine-scale
resolution.

Predator-prey models serve a much different purpose
than system models. They are designed to organize
information on predation mechanisms and rates and to
suggest hypotheses for research as well as to evaluate
effects of alternative predation control measures.

Thus. they must be developed with a shorter time
increment and finer spatial resolution. Alternatively.
if predation in upstream reservoirs impacts the size
distribution or other characteristics of the smolt
population, predation dynamics in a downstream
reservoir may be significantly different than they are in
the upstream reservoir. Current models that are
limited to a single reservoir do not consider such
interactions.

Some participants cautioned that results may be
misinterpreted if a predator-prey model were to be
“plunked” down into a system model. Some processes
are very poorly understood relative to predation (e.g.,
processes that take place in the estuary).

Few model users have ready access to fast
workstations or mainframe computer systems that can
be dedicated to running the models. Thus, in addition
to problems of understanding the models and the need
for data. there are hardware limits to model.
complexity. The current state-of-the-art and practical
considerations appear to limit models to either

addressing comprehensive issues in a general manner
or narrowly defined issues (such as predation) in a
more specific manner. For the most part, it is not
currently practical to develop a detailed and specific
model that provides fine spatial and temporal
resolution and at the same time is comprehensive.

Workshop participants recognized that the cutting
edge of modeling technology might soon permit a
“layered” approach that would provide summary detail
but at the same time offer access to underlying
mechanisms at greater levels of specificity. This
approach is analogous to hypertext or the concept of
multiple-windowed architecture. It would provide a
series of model components at differing levels of
complexity. The user could choose the level of
complexity based on the planned use of the results and
on available input data This approach could integrate
mechanistic formulations of predation or other
processes within the context of a life-cycle model. It
would be desirable to have such a model be flexible
with regard to the level of detail of both inputs and
outputs and to integrate a database to permit evaluation
of the model output. Such a combined approach
should be investigated and developed further.

Workshop participants generally agreed that the
need will continue for development of separate models
and that it is not now practical to include a specific
predator-prey mechanism in a more general system
model. They also agreed that the predation portion of
system models should provide a realistic
approximation of predation losses, and even suggested
that systems model developers search for a formulation
that approximates the output of the more specific
predator-prey models. For example. spatial
distribution of predators and prey could be used in
conjunction with a mortality function to define an
intermediate homogeneous estimator of predation
mortality.

Participants discussed specific needs related to better
integration of model development efforts. without
specifically focusing on integrating pm&Nor-prey
models with system models. The needs identified were
not critically evaluated and they do not necessarily
represent a consensus among workshop participants.
The following needs were listed

. Improved communication among model developers.

. Esrablishrnenr of model credibility.

14



Development of language standards for software
development.

Agreement o standardized formats andresearch data
as inputs to model development and
implementation. The ability for different models to
use thesamedataset and compare outputs is
desirable. This need would require more pre-
planning of research programs 10 develop

appropriatedata.
Development of better ways 10 communicate

uncertailty in outputs. such as running simulations
aa range of potential input values.

15



8.0 WORKSHOP RECOMMENDATIONS

Workshop participants agreed that it is desirable to
continue development of a suite of models at different
levels of detail and with different approaches to
formulating predator-prey relationships. Uses of the
models include research planning, hypothesis
generation, hypothesis testing, and evaluation of
predation controi measures. A multiple-model
approach offers the ability to respond to a range of
objectives. permits comparison among model results,
and makes it possible to examine implications of
alternative hypotheses related to predation.

Workshop participants discussed recommendations
as concluding statements representing the results of the
workshop. Eleven recommendations were adopted
without objection and represent a consensus among the
participants. Each recommendation is listed below
(not in any order of priority) with additional
explanatory material:

The existence of multiple models would permit
comparison of the results of different models.
conceptualizations of predator-prey relationships, and
approaches to implementing the models. A single
model approach would not permit such comparison and
hence errors in the model approach or its
implementation might not be detected.

« Reservoir research models should be developed to
nvestisate the effects of reduci ati

Continued development of researchmodels at the
reservoir level was encouraged because these seem to
offer the best opportunity to explore specific
hypotheses related to predation control activities.
Participants supported this as a primary objective of
reservoir research modeling.

Devel  the Columbi0 river E
Model (CREM) as a reservoir and multi-ressrvair
research model should be continued,

CREM offers advantages of simplicity and
flexibility to examine a variety of predator-prey
relationships. As currently implemented, however. it
is limited to a single reservoir. Extension to multiple
reservoirs is important because it is possible that
levels of predation will significantly differ among

reservoirs. particularly at downstream reservoirs in
response to changes in prey populations that result
from predation in upstream reservoirs. Potential
changes include changes in sire distribution of prey
resulting from size selection by predators and
depcnsatory mortality as a result of changes in prey
populations.

Crem may also provide an appropriate vehicle to
objectively integrate results of a wide variety of
re-search related to predation management Its
flexibility would permit consideration of a variety of
factors that are likely to affect predator-prey
relationships.

. The utiliry of the individual-based Iprobalisti
encounter event] approach should be explored as a

; vd nine predati
smolts.

Use of an individual-based approach to
understanding predation was suggested. In this
approach. a model would be developed to examine the
likelihood that an individual smolt would encounter a
predator as the smolt moved through the reservoir.
Such a model could potentially include effects of
predator density, turbidity (visibility), light, and
probability of capture following an encounter. The
workshop participants felt that such an approach was
worthy of further consideration and possible
development.

As currently formulated management models (the
NPPC SPM) do not include specific predation
components. It may not be appropriate to include
detailed mechanistic simulations of predator-prey
relationships in this class of models due to the specific
model objectives. general appmach. and longer time
step. However, inclusion of an appropriate predation
component that reflects predation and the effects of
predation management is desirable to pmnit
examination of the system-wide effects and long-term
implications of changes in survival of smolts that may

result fromsuccessful predation controlactivities.

Workshop participants did not fully agree on the
level of &tail that might be included. One proposal
was for an approach that would provide a range of

16



detail from a general approach to specific formulations
in the same mode! 10 meet individual needs.

. ir Morialiry/W,

r ] \Y

Research needs identified by this group stem from
consideration of important factors that may influence
predator-prey relationships and predation rates and from
consideration of the current state of knowledge
regarding these factors. Current model development to
test hypotheses relating to predation control is limited
by the lack of adequate research data on predation. The
group recognized the need to balance these research
needs with others and with available funding and
recommended that the above work group consider the
needs identified by the workshop as one input to their
continuing planning process.

WWMW! - on of models with it
database.

The lack of a uniform database and poor integration
of model outputs with available data currently limits
the ability to compare results of models. Existence of
a uniform database and standards for recording data
would facilitate the process of developing model
parameter estimates and would permit ready
comparison of model results, both with those of other
models and with actual data.

17
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research.

Participants recommended the use of models to
conduct sensitivity analyses and hypothesis testing to
determine which aspects of predation were most
important to understand in order to develop an
understanding of the overall process of predation.

. Uncertai hould ! lici  model
QUIPKL

Participants expressed concern that model results
are often viewed as point estimates. They believed
that it was more appropriate to present model results
with estimators of error and to explicitly describe the
uncertainty in results.

* Documentation should be developed for all research
and management medels,

Participants believed that all models should be
carefully documented to provide a means of
understanding approaches and to facilitate comparison
of results.

. 4 . . T .
should be developed among research and
management model developers,

Participants supported a multi-track approach to
model development, but believed that improved
communication among developers was highly desirable
to facilitate development efforts and to ensure
comparability among the results of various models.
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APPENDIX A

RESPRD SUMMARY



Ray Beamesderfer, Oegon, Denartnmcnt of Fish and Wldlife

Predation Modeling in John Day Reservoir: RESPRD and MOCPOP

We modeled the predator-prey system in John Day Reservoir to
organize our understanding of the processes affecting mortality of
smolts migrating through the reservoir and to systematically weigh
alternatives for reducing predation mortality. Ye examined the
sensitivity of predation mortality to changes in starting conditions
and parameters. We assumed those conditions to which the model was
most sensitive were the most promising factors we might manipulate to
reduce predation mortality.

The factors incorporated into our model (RESPRD) included
predator number, predator distribution, prey number, timing of prey
passage, prey residence time, water temperature, and water flow
through the reservoir. Factors that indirectly affect predation by
regulating predator numbers and population size structure were
modeled separately using a population dynamics model: Mocpop

RESPRD consists of a series of difference equations solved at
daily intervals for the 150-day period that corresponds to the April
through August period of salmonid outmigration. The reservoir is
divided into two areas: the tailrace immediately below McNary Dam at
the upper end of the reservoir (the boat-restricted zone or Rz) and
the remaining body of the reservoir. Predators are apportioned into
each area corresponding with seasonal changes in distribution.
Numbers of predators in the RZ can also be scaled in response to the
number of prey to approximate a numerical response. In addition, the
reservoir-wide predator population is reduced throughout the season
by a daily rate of mortality. Predators may also be apportioned
between active and inactive compartments to simulate inhibition of
predation during spawning or by high flow.

Prey were input at McNary Dam and passed through each area in
sequence. We generated daily prey number as a normal function of
time. The number of prey in the reservoir was regulated by input
rates and residence times. Inputs into the BRZ correspond to passage
past McNary Dam. Residence time in the RZ was ignored. Inputs of
prey into the reservoir body include those salmonids that pass McNary
Dam and survive predation in the RZ. Residence time in the reservoir
was represented as an exponential decay function in which sone
proportion of the prey population left the reservoir each day.
Residence time could be input directly or could be described as an
inverse linear function of flow. Flow past McNary dam was described
as a normal function of day.

We modeled prey consumption rate (per predator) as a logistic
function of prey number to represent the Type IIl “functional
response” exhibited by predators with increasing prey availability.
Consumption rate was related to passage number in the RZ and number
of prey calculated from passage and residence time in the body of the
reservoir. Effects of seasonally changing temperature on consumption
rate was incorporated by descibing maximum rate of consumption
(asymtote in functional response) as a polynomial function of
temperature. Temperature was described as a linear function of time.
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Loss of salmonids was estimated each day in each area as the
product of number of active predators and daily consumption rate.
Mortality was estimated by dividing total loss to predators in any
period of time by number of salmonids entering the reservoir during
that time period.

HOCPOP simulates annual variation in a population based on
recruitment, growth, and mortality. Commonly used models of
population dynamics, including stock-recruitment, logistic (surplus
production), dynamic pool (yield), and Leslie matrix or combinations
or pcrtions of ‘these models can be approximated with HOCPOP. HOCPOP
tracks population size in numbers and biomass. Age-specific outputs
were weighted by relative consumption rates to estimate an index of
predation. The response of this index to changes in recruitment and
mortality was examined to predict effects of manipulating the
predator population.

RESPRD and HOCPOP were written in QuickBASIC to run on IBM-
compatible microcomputers and include interactive front and back ends
to facilitate entering initial conditions and parameters and
inspecting simulation results.

A.2



APPENDIX B

CREM SUMMARY



Columbia River Ecosystem Model
(CREM

LJ.  (Sam Bledsoe, University of Washington

Model description

This model consists of a set of ordrnary differential equations for
the densities of salnonid prey and predatory fish species in acontiguous
series of locations on the inmpoundnents of the Colunbia River (Fiqure 1).
Tine resolution is of the order of nminutes so that fast migration processes,
such as tailrace passage, can be sinulated. The nodel resolves the
processes of:

1) downstrean salnmon nigration past dams and throuah the reservoirs,
including effects of flow, tenperature and run timng and size:

2) Size specific popul ation dynam cs of predatory fish species;

3)the seiective predation of any predator species Or size group on
any prey species, using neasured functional response curves (the
relationship between consunption rate and prey density);

4) the effect of tenperature, flow, passage tine and spawning
behavi or on predation rate.

CREM divides a river area into asmany discrete spatial segnents as
necessary in order to sinulate predation dynamics. Data for the dynamic
processes which conprise the mdel havebeen reported in Renman et al.
(1988), Vigg (1989) ir press) and unpublished research of the agencies
involved in Colunmbia River predation studies. CREMis validated In terms
of general agreenment wth the simple al gebraic model reported by Ri eman
et al. (1988). The model is designed to be analyzed stochastically in
order to nmmke predictions which consider observed variability in measured
ecosystem characteristics (e.g. smoltresidence tinmes). It is inplenented
in FORTRAN on high speed m croconputers; the code is easily transferred
to other machines and research groups.

Several versions of the nodel have been inplemented RESPRED has
been anal yzed in Beanmesderfer et al. 1988 current anal yses (GBMver. 1.3
focus on single year singlereservoir dynamcs with one predator (large
squawfi sh) and do not include predator popul ation dyam cs except for
within-season nortality. Effects being studied include:

1) peaking smolt passage numbers over short periods of time in order

to take advantage of a swanmping effect in the asymptotic
functional response curve;
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2) stochastic variation in snolt residence times on amount and
| ocation of predation;

3) stochastic variation in measured predation functional response;

4) year-to-year variation in reservoir tenperatures and flow rates.

Paramet er requirenents

Paraneters and driving functions reuuired for sinulation of predator-
prey dynanmics during a tine period when snolts are migrating through a
series of impounded river sections are as follows. The parameters are
i ndexed by the intersection of prey species, river section and predator
species in a full factorial array:

1) Surface areas of each inpoundment section;

2) Mean residence tinmes and their variation, if any, with flow,
tenperature or other systemvariabl es;

3) Functional response curves giving consunption rates of predators
for prey species, parameterised on other system variables (e.g.,
fl ow or spawni ng periods) if necessary8

4) Mrtality, reproduction and growth parameters of predators
(required for multi-year sinulations);

5) For stochastic analyses, statistical distribution paranmeters for
functional response, residence times or other sources of
stochastic variation;

6) Formulti-reservoir sinulations, nortality due to non-predation
interactions at each dam

Driving functions required are as follows:

1) Tine series of passage nunbers of prey species at the upstream
dam

2) Time series of water flow and tenperature, suitable disaggregated
by river section;

3) Time series of gonad devel opnent for predators, if this is a
factor affecting consunption rates.
Model assunptions

The model assunmes that the density dynanics of juveniles in any
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single reservoir section can be characterized with a rate of change which
is equated to a sum of three components: mgration rate into the area,
mgration rate out of the area (as an exponential process with a single
rate variable) and instantaneous loss rate due to predation (as affected
by predator density, tenperature, flow rate and any other relevant system
variables). Spatial heterogeneity in these processes is intended to be
characterized by the anount of detail incorporated into the simulated
spatial structure of the reservoir, adding an increasing nunber of smaller
reservoir sections for greater detail and spatial resolution.

Stochastic analysis is done by either Mnte Carlo nethods (used for
functional response analysis) or repeated deterministic sinulations for
different segnents of a cunulative distribution function (CDF). In the
latter nmethod, means for output variables are calculated as a wei ghted
l'inear conbination of the determnistic results; CDF's can al so be
approxi mted. This approach was used for stochastic analysis ofjuvenile
passage times.

Current results and plans for analysis

Anal yses planned for CY 89 include study of the following effects on
smolt nortality:

1) Renoval of predators by a variety of methods in time and space
(e.g. intensive trapping in various locations, incentive fishery);

2) intra-specific conpensatory growth and/or recruitnment nuneri cal
response of predators to renoval;

3) inter-specific canpensatory predation response to predator renoval;
4) size-specific removal of predators by size-selective gear.

These anal yses involve both use of field and experinmentally acquired
data on the effects involved, as well ashypothesis of effects found in
simlar ecosystems by fishery scientists and reported in the literature.
Since there is uncertainty in this latter case concerning the occurrence
of the effects in Colunmbia Piver ecosystens, the analysis of the nodel
will be used to plan and prioritize research into those effects which may
prove to be particularly damaging.

These plans will require various mnor nodifications to the computer
i npl enent ati on of CREM all of which are within the design intent of the
original nodel. W will also study the feasibility andcost/benefit of
multi-reservoir sinulations (current analyses have all focused on John
Day reservoir).

Exanpl e of results

An exanpl e of output fromCREM Ver. 1.2 can be seen in Figure 2,
showi ng the seasonal sinulation of predation nortality of Chinook sub-
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yearlings in John Day reservoir aurincioss. The graph shows the tine
course of flow, tenperature and snolt passage numbers which drive the
model . Mortality in the boat restricted zone (PRZ) of MCNary damis
quite low (2%) due to the short ancunt of time spent there by the snolts.
Reservoir nortality is about 15% of the small nunbers which have cone
through by day 170, butincreases rapidly to 62% when the nain group
copes through late in the season during the period of high reservoir
tenmperatures and low flow rates.

The high nortality of sub-yearling chinooks is due to their |ong
resi dence times during downstream passage averaging 31 days but with a
medi an of 49 days. A stochastic analysis indicates that the nean
nortality over this highly skewed passage (see Figure 3) is 62%wt.: a
standard deviation of 21% This analysis confirns that deterninistic
runs using mean residence tinmes will correctly predict nean nortalities,
at least in this case.
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Figure 1. Conceptual model of predation by northern squawfish on juvenile
salmonids in John Day Reservoir.
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MODEL NAME: System Planning Model

CONTACT: Chip McConnaha, N.W. Power Planning Council, Suite 1100, 851
S.W. 6th Ave., Portland, OR 97204. Phone: 503-222-5161; Toll free:
1-800-222-3355; Oregon: 1-800-452-2324.

DESCRIPTION: The System Planning Model (SPM) is a computer simulation
of the salmon and steelhead life cycle in the Columbia River Basin. It
permits eimulation of hypotheses concerning tributary production, maingem
passage, and ocean survival and harvest. The model is written in TURBO
PASCAL and is designed to function on a standard IBM-type personal
computer.

The SPM is a steady-state model that will equilibrate at .a level resulting
from balancing the productivity of the stock with the mortality forces of
passage, harvest and natural factors. The model is used to compare
equilibrium conditions for different production and management strategies under
various assumptions.

GENERAL FEATURES. The SPM steps through the salmonid life cycle in
three discrete modules involving tributary production, mainstem passage and
adult survival and return. The time step of the model & one year.
Simulation8 can be made up to 100 years

1. Tributary Production.  Production of fish in the tributaries includes
the period from egg deposition to outmigrant smolts entering the mainstem
Columbia Riva.

The model begins with an age-structured adult spawning population in the
tributary. Sex ratio and fecundity by age class are input to produce an
initial egg deposition.

The number of smolts produced in the model from a given number of
eggs is the result of a density dependent survival rate. Calculation of thin
rate assumes a Heverton-Holt type relationship between the number of fry
present and the resulting fry-smolt survival rate. Parametera for this function
are the maximum fry-smolt survival rate (the survival rate at near zero fry
density), and the maximum smolt carrying capacity which acts as an
asymptote. The model in most often used with smolt rearing area in the
subbasins as a limiting factor, although it is also possible to use spawning
area (egg capacity) as a limiting factor.

2. Mainstem Passage. The mainstem passage module uses logic similar
to that in other fish passage models but with the time step of one year.

Fish exiting the tributary production module are looped an appropriate number
of times through a generalized model of fish passage at a mainstem
hydroelectric project (dam and reservoir).

Reservoir survival is modeled as a function of flow and reservoir length.
This makes the assumption that mortality is a function of smolt residence time
in the reservoir. It is possible to remove the effect of reservoir length (as
might be indicated by recent predator research) by specifying the length of
each reservoir as equal to the average reservoir length. The mortality rate per
mile is assumed to be constant at flows above a specified level and increases
at flows less than this level.
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At the dam, fish are routed through up to three passage routes (spillway,
turbines, or bypass) at project-specific survival rates. Spill can be provided at
each project at a constant rate for the scenario. Fish transported from the
collector projects are subject to a specified survival rate. This transport
survival rate has been used to force a specified ratio between the survival to
adult of transported and non-transported fish based of assumptions regarding
the benefits of transport.

3. Adult Survival and Harvest. After crossing Bonneville Dam,
transported and non-transported migrants are added together and subjected to
a survival rate up to the age of first recruitment into the fishery.

Once recruited into the fishery the model applies both a natural survival
rate and an age-specific harvest rate. Ocean harvest rates are applied as an
age-specific rate, and no further analysis of harvest by ocean area occurs.
Fish are also matured and returned to the river as escapement. The
maturation schedule is based on the age structure of the original adult
spawners

Fish of various ages escaping to the river are added together and
subjected to estuary harvest (commercial zones |-5) and harvest in each of the
mainstem pools (zone 6 and beyond, if desired). Mortality is also assessed at
each of the mainztem dams. Adult dam mortality is a constant rate for the
simulation (specific to each dam).

Fish arriving at the tributary can be subjected to a terminal harvest rate
which can be specific to production type (hatchery vs. wild). The resulting
spawning escapement is wed to start the cycle over again.

OUTPUT VARIABLES. SPM provides a number of output parameters. The
population from a particular scenario can be censused at virtually any
identifiable point in the life cycle. The model can also provide survival rates,
maturation schedules, and estimated harvests. However, the model is most
frequently used to estimate the statistics describing the population at the point
of maximum surplus production. To do this, the model is run iteratively over
a range of harvest rates to estimate the point where surplus population is
maximized.

SUMMARY OF RESULTS. The System Planning Model has received
extensive use in the System Planning process being undertaken by the N.W.
Power Planning Council and the region’s fishery agencies, tribes, power
interests, and public. The model is being used to compare the benefits that
could be expected from various production alternatives in each of the subbasins
in the Columbia basin. Alternatives are being compared by using the model
to compute the maximum sustained yield statistics at equilibrium for each
scenario.

The model has also been used to explore the effects of system-wide
limiting effects on production in the Columbia basin. For instance, it was
used to demonstrate how mainstem passage mortality changed the range of
production possibilities in the tributaries in the upper part of the basin
relative to tributaries in the lower portion of the basin. Upper basin
tributaries were severely limited in production possibilities because of mainstem
passage losses. Under existing passage conditions, habitat improvements in
many upriver tributaries were ineffective while lower basin tributaries showed
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improvements from the same actions. Early identification of these issues has
permitted timely incorporation into the draft subbasin plans.

Finally, the model is being used by the Council and others to examine
the biological effects of changes in mainstem passage survival rates. Models
that deal only with single-year calculation of passage survival rates do not give
any indication of the potential biological benefit of relatively small changes in
survival resulting from increased spill or installation of bypass measures. For
example, the SPM indicated an approximately 2% change in mainstem passage
survival to result from the recently signed long-term spill agreement for the
Columbia. This is comparable to estimates made with more detailed single-
year models of fish passage. However, the model projected a change in the
maximum sustained yield runsize for several Idaho spring chinook populations
that ranged from 4.4% to 13.5%. Differences in biological benefit resulted
from differences in fecundity and juvenile survival rate in the tributary.
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System Effects of Reservoir Survival

Willis E. McConnaha
Northwest Power Planning Council
851 S.W. Sixth Ave.
Portland, OR 97204

Creation of the Columbia basin hydroelectric system has produced a
series of slow water impoundments. These reservoirs are impedimenta to
migration and support large numbers of fish that are potential predators on
juvenile salmon and steelhead. As a result, the mainstem reservoirs have
been identified as major sources of mortality to migrating juvenile salmon
and steelbead. While difficult to quantify, juvenile spring chinook mortality
from all sources in the mainstem area have been estimated to range from
97% to 60% (Sims and Ossiander 1981). Thin variation in survival has
been associated with differences in flow levels (op. cit). The contribution of
reservoir mortality to these overall mortality rates has been factored out by
making various assumptions about losses at the dams themselves. This work
indicates that the average per reservoir mortality assodated with these
estimates of system survival has ranged from 34% to about 5% (MPAC,
1985).  This magnitude of low has prompted some of the most ambitioua
and expensive fish protection programs in the Columbia River, including the
water budget to enhance flows and smolt transportation to bypass physically
the mortality occurring in the reservoirs.

One indication of the attention that is being paid to losses that occur
in the reservoirs is this workshop on specific predator-prey models and its
companion workshop that focused on the estimation of reservoir mortality.
The present workshop will quickly begin to focus on some very specific
aspects of predator-prey dynamics. | propose in this talk to begin with the
big picture by explaining how existing system level models deal with
reservoir mortality from all sources. This will be followed by an
examination of what one such model, the System Planning Model, would say
about the effect of change in reservoir mortality on system survival rates
and biological productivity.

System_Modeb.

Systems-level models are relatively recent phenomena in the Columbia
basin. | believe this reflects the increasing awareness of the need to treat
the Columbia basinas a systems and of the more cosmopolitan attitude of
the region's fishery management and powerinterests.

System models are frequently used to analyze management options and
to describe all or major portions of the salmonid life cycle. These models
are frequently generalized in areas that are not the subject of management
decisions ,but may contain appr eci abl e detail in areas where decisions will be
made. In many respects, these models are where the science of fisheries
enters the policy and management arena, and so are a a major place where
science can affect decisions and change the way we do business. Hopefully,
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many of the detailed ideas and concepts developed in this workshop and
supported by research will eventually modify system models and improve our
ability to make sound management decisions that will benefit the resource.

Presently, there are primarily two models that are used to assist fish
and wildlife decision making in the Columbia basin. FISHPASS is
maintained by the Corps of Engineers and is used for detailed analysis of
the effects of fish passage alternatives on the survival of smolb through the
main&em Columbia. The System Planning Model (SPM) is maintained by a
multi-agency group centered at the Northwest Power Planning Council. This
model is being used extensively to analyze production alternatives in system
planning. The SPM describes the complete salmonid life cycle in fairly
general terms Moot of my remarks today will center on the reservoir
mortality aspects of the System Planning Model.

System Planning Model.

The System Planning Model is described in detail in Attachment 1.
Briefly, the model describes the salmon and steelhead life cycle in the
Columbia basin in three major portions. Subbasin production is described
by a Beverton-Holt relation&p of density dependent fry-smolt survival The
mainstem passage portion of the model includes most major management
options including bypass rates transportation and reservoirsurvival. Ocean
survival and harvest is the most generalized portion of the model but does
include age-specific harvest and survival rates.

A major difference betweenFISHPASS and the SPM in regard to
mainstem passage is the time step. FISHPASS provides a detailed hourly
accounting of fish passage. The SPM, on the other hand, steps through the
life cycle on a yearly basis. Thus, it calculatea the avaage annualpessage
survival rate that should result from a given scenario.

Treatment of Reservoir Mortality in System Models.

The system level modeb described share many common features in
regard to fish passage. Both share the same basic model of fish passage
through mainstem Columbia River hydroelectric projects (Figure 1). Fish
pass through a reservoir and a dam by one of three routes: the spillway,
through turbine or through the bypass system. Fish passing through the

bypass system can be bypass either back to the river or transported to
below Bonneville Dam.

Differences do exist between the two models in regard to reservoir
survival, although estimates of reservoir survival derived from the two
models are very similar. Both are based on the same set of observations.
During the period 1973 to 1979, the National Marine Fisheries Service made
estimates of survival for spring chinook and steelhead from the uppermost
Snake River dam to The Dalles Dam. The results of these studies are

c.5



RESERVOR 8 | rLow

MIGRATION ROUTES AND RANS-
SURVIVAL AT MAINSTEM W CORT
HYDROELECTRIC PROJECTS

figure 1. Schematic showing passage through a mainstem hydroelectric project using logic employed in the
System Planning Model.



summarized in Sims and Ossiander (1981). This work can be criticized on
a number of fronts having to do with difficulties in estimating survival from
batch marks. Nonetheless, they represent the only available estimates of
system survival and form the basis for our belief that reservoir mortality is
significant and that flow augmentation has a beneficial effect on system
survival.

This data is displayed in Figure 2 along with models that were fitted to
this data for use in FISHPASS and the System Planning Model. The Sims
and Ossiander data was converted to mortality rate per mile after factoring
out assumed mortality at the dams. It is important to note that no
explicit estimates of reservoir mortality have been made; our present
understanding is based on residual mortality extracted from the Sims and
Ossiander data.

The residual mortality rate per mile has a relatively strong correlation
to flow levels although much of the relationship depends on the very low
survival rates recorded in the record low flow years of 1973 and 1977. The
FISHPASS model uses a polynomial fit to the data. SPM uses a two-stage
function that can be manipulated to fit the data or to testhypotheses. The
present assumptions that are being used in the System Planning Model are
shown in Figure 2. The biggest difference in the two models occurs at
extreme flows. FISHPASS actually predicb an increase in mortality rate per
mile at very high flows and shows a more rapid increase in mortality at
very low flows than does the SPM. However, within the expected range of
flows, the two models predict similar mortality rates.

Conceptually, both models use the following generalized equation to
calculate mortality in each reservoir:

Reservoir Mortality = Exposure Time X Mortality Rate/Time

Both models also calculate exposure time as a function of the reservoir
length. Longer reservoirs, such as John Day, are presumed in the models to
have greater loss because of the longer migration time through the reservoir.
This may be in conflict with recent work on predator effects in the
reservoirs. It is possible in both models to assume a constant reservoir
mortality, if this is desired.

| : : val

The SPM reationship to derive reservoir mortality per mile is a
function of three variables. = The Minimum Reservoir Mortality is a
constant mortality that occurs atflows above a point called the_Elow for

I ity. At flows below that point, the mode
calculatea the mortality on a straight line betweem the Minimum Reservoir
Mortal ity and the Minimum Reservoir Mortality times a multiplier. In our
baseline rune for system planning, for instance, we have used 0.002 as the
mortality per mile that occum at flows above 22%cfs at The Dalles.
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Below this flow, mortality is on a line running from 0. 002 to (0.002 X 10).
The SPM curve with these values is shown in Figure 2. By manipulating
these three parametem, the mortality function can be easily moved in several
directions to explore model sensitivity. The SPM calculates reservoir

survival using an annual flow value that is provided in a file containing 100
values. At present, the value we are using is the regulated flow at The
Dallea Dam. We also use a file containing a constant flow to obtain output
values without variance.

To illustrate the effect of reservoir mortality on the survival and
productivity of an upriver stock, | examined the response of the model to a
range of values for the minimum reservoir mortality using a system of eight
dams (Table 1). Varying this parameter has the effect of moving the entire
SPM function in Figure 2 up and down. Transport survival was also varied
to maintain a constant transport benefit ratio of 1.5:1. Two output
parameters were examined. First, the simple passage survival rate represents
the annual average survival of spring chinook passing eight dams for each
scenario. Second, | looked at the biological effect of thwc changes in
passage survival by examining the change in maximum sustained yield that
resulted. For the latter, | used subbasin parameters appropriate for
naturally spawning spring chinook in the mid-Fork Salmon River in Idaho.

Passage survival wMm calculated using both a variable flow record at The
Dalles, which simulated the variation in reservoir mortality that would result
from the function in Figure 2, and a flow record that fixed flow at a level
above the Flow for Minimum Reservoir Mortality (Figure 2). The survival
rate calculated by these two methods was very similar and, to simplify the
calculation, a fixed flow was used for the simulation of MSY dfeds

Table 1.

Values used for Minimum Reservoir Mortality and resulting SPM estimates
of passage survival and MSY for Mid-Fork Salmon River (ldaho) spring
chinook.

Minimum Passage MSY at
Reservoir Mortality Survival Flow=250 kefs

per mile
0. 0002 0.65 15547
0. 0005 0.59 13039
0.0010 0.49 10209
0. 0015 0.42 7980
0. 0020 0. 34 5795
0. 0025 0.29 4249
0. 0030 0.25 3233
0.0035 0.21 2203
0.0040 0.18 1408



The results in Table 1 are displayed graphically in Figure 3 as the
change in the output parameter that results from a change in the minimum
reservoir mortality rate. This data is graphed relative to the results that
occurred when reservoir mortality was set at 0.002 per mile, the rate that is
thought to approximate the present average based on the data ghown in
Figure 2. The result in a curvilinear relationship that indicates that a
decrease in mortality hes a greater positive effect on both passage survival
and MSY than does a similar increase in reservoir mortality. For instance,
a 25% decrease in the rate of reservoir mortality (caused, perhaps by a
decresse in predator population) caused a 21% increase in reservoir survival,
while a 25% increase in mortality caused only a 16% decrease in survival
(Table 2).

Table 2.

Change in passage rurvival and MSY (mid-Fork Salmon River spring
chinook) resulting from change in the Minimum Reservoir Mortality rate per

mile. ulk are relative t 0 a reservoir mortality per mile of 0.002.
Change in Change in Change in
Reservoir Mortality Passage , MSY
per mile Survival
-0.90 0.89 1.88
-0.75 0.73 1.38
-0.50 0.42 0.78
-0.25 0.21 0.38
-0.00 0.00 0.00
0.25 -0.16 -0.27
0.50 -0.27 -0.44
0.75 -0.39 -0.62
l:00 -0.49 -0.75

Also seen in Figure 3 is the change in passage survival resulting from a
decrease in resarvoir mortality which caused a much more substantial
biological effect, as seen in the change in MSY for the Salmon River spring
chinook. A 25% decrease in reservoir mortality caused a 21% increase in
survival and a 38% increase in the MSY for the Salmon River. Thin
illustrates the phenomenon that relatively modest increases in passage
survival can have considerably compounded biological effects on upriver
populations. It should also be noted that the effects shown in Figure 3 are
highly flow dependent in the model. The results displayed were calculated
at a flow at The Dalles of 250 kcfs — above the minimum flow parameter
in the model of 225 kdfs At a flow of 202 kcfs at The Dallas the increase
in MSY resulting from a 25% daxesse in reservoir mortality was 49%. and
at a flow of 168 kcfs, the increase in MSY was 63%.
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Conclusion.

My intent in this paper has been to explain how the existing system
level models presently being used to assist fisheries decision making.in the
Columbia bas handle the important parameter of reservoir survival. This
in relevant to this workshop, because it is likely that a substantial portion
of thin mortality is related to predation. Thus, models and relationships
developed through predator/prey research and modeling should eventually be
incorporated into system models to improve our decision-making capabilities.

The second intent of thin paper has been to show how reservoir survival
assumptions and changes can affect the performance of one system model.
This model is presently being used extensively in system planning, and so
the results of the model have potential impact on the direction of the fish
and wildlife program. The results provided show that: 1) decrease in
reservoir mortality had a greater effect on both passage survival rate and
MSY than did a corresponding increase in mortality, 2) decrease in reservoir
mortality had a substantial but less than 1:I increase in passage survival, 3)
decrease in reservoir mortality had a much larger positive effect on the
projected MSY for spring chinook in the mid-Fork Salmon than it did on
passage survival rate, and 4) the increase in MSY was highly flow
dependant with greater effects at lower average flow rates.
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Stochastic Fishpass Summary for Predator Workshop

Stochastic Fishpass
Developed bv: Center for Quantitative Science. Universitv of Washington

J.J. Anderson Principal Investigator

Model description

A stochastic multivariate computer model was devel oped that describes the passage of
juvenile fish through the river system in terms of probabilities of movement and mortality,
The model provides a framework in which to design and evaluate juvenile fish passage re-
search. It describes fish movement from flow and behavior. Mortality is described in terms
of a predation rate dependent on travel time, predator density and activity, and dam mortali-
ty. The model has a user-friendly graphical interface that allows input of all parameters
through the computer’s mouse. Input information and passage histogram outputs are graphi-
cally displayed on amap of the Columbia River The model iswrittenin C and Suntool sand
runs under Sun Operating System 4.0 on Sun Microsystems workstations.

In its present form the model has three sub-models describing: fish travel time, darn
mortality, and reservoir mortality.

Travel time
Fish travel through reservoirs is expressed by a stochastic process that describes
fish velocity as a function of water flow, behavior, and a random component (Fig. 1).
The theory will appear in the proceedings of the Coho/Chinook workshop 1988
(Anderson and Schumalcer 1988) .The model combines behavioral and physical fac-
tors that contribute to migration. Random variations about the combined velocity are
described by a white noise term The velocity equation is:

akdick = vg + v+ W),

where x, is the position on the river, v¢ and vb are fish velocities due to flow and be-

havior, and w(t) is the fluctuating velocity (Fig. 1).

total fish flow behavior

velocity velocity velocity \r/aelnggrtr;/
,/(w = * ¥ I

Time Time Time Time

Fig. 1. Migration velocity is composed of parts
from flow, behavior, and random noise
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Stochastic Fishpass Summary for Predator Workshop

Since the equation contains a random element an exact solution is not possible. In-
stead we derive the probability density function (pdf) describing the probability of ob-
serving afish at position x. Thisis done by solving what is known as a Fokker-

Planck equation describing the dynamics of the pdf over x and t. For our model the so-
lution of the Fokker-Planck equation is:

P(xit) = (2rc?1) 12 exp( -(x-v1)%262),

where P(xIt) is the probability density of finding a fish at position x at time t. The pdf
has two independent parameters: v, the average migration velocity from flow and be-

havior and a2, the intensity of the fluctuations in the velocity. Note v = v¢ + vy

Dam mortality and collection efficiency
The behavior of fish passing through dams effects their survival and the efficiency
with which they are collected for transportation and passage estimates. To describe
these processes a sub-model is under development along the lines devel oped by
Anderson (1988a). Fish trgjectories through a dam are dependent on the flow
streamlines, or flow net, the response of fish to stimuli of the dam, and the initial ver-
tical distribution of fishin front of the dam (Fig. 2).

CFish "]
distribution :
4
Flow —
stream line ]

Fig. 2. Model showing changes in fish distribution resulting from flow

Reservoir mortality
At the present time reservoir mortality is dependent on travel time, predatory density
and predator activity in afashion similar to that used in models developed in the BPA
funded predator studies (Poe and Rieman 1988). The equation defining the probabili-
ty of mortality as afunction of time is based on a Poisson process and is given as.

mortality probability = exp{(c* pred. activity * pred. density *time))
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The constant ¢ depends on the nature of the predator-prey interaction.

Work is underway to develop a more hiologically realistic description of mortality that
includes the health of fish, their encounters with predators, and stress levels. This
theory is based on amodel of organism health (Anderson 1988b). A health based
model of mortality is needed if smolt condition and stress are to be integrated with
other factors affecting fish survival.  Fish health will be described by a stochastic
dynamic equation based on established mortality theories. The model will keep track
of health during migration. accounting for changes in health due to deterministic and
random changes from stress, disease, physiological development, and growth. Health
will constrain the energetic dynamics of fish and their ability to avoid predation. The
interaction of smolts with predators will be established in terms of a dynamic predator
distribution sub-model that interacts with the fish migration sub-model. Predator
distributions will be described in terms predator behavior factors, such as territorial
selection and dominance, energetic constraints, and flow regimes.  The model for
predator distribution will be calibrated with predator tracking information. A graphical
display of predator distributions and their interaction with smolts will be provided to
give the user an intuitive understanding of how the model describes predator-prey in-
teractions.

Model Input

We strived to build amodel that is easy to use and easy to understand so that a per-
son can operate the model with little instruction. The model uses intuitive graphical tech-
niques to input and display data. The background screen is a map of the Columbia River
showing dams and fish release sites (Fig. 3). Clicking a mouse button opens a menu for se-
lecting model parameters. The output, representing the daily passage of fish past damsis
called by putting the mouse arrow on a dam symbol and clicking the mouse button.

Columhia River Proje

Fig. 3. Model background map of the Columbia
River dams and afish release site.
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Stochastic Fishpass Summary for Predator Workshop

Parameter values are inputted graphically through slider windows that open up on the
screen. For example, mortality can be adjusted for each dam by placing the mouse arrow in a
dlider and dragging it to adesired level (Fig. 4).
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Fig. 4. Slider window for parameter input.

In asimilar fashion, dynamic windows can be brought up to draw an input parameter.
For example, the daily river flow of the Columbia River can be input by moving the mouse ar-
row across the window (Fig. 5). Flow information can also be brought into the window from
adata base of historical flows. In this manner a flow from a given year can be called up and
modified in the dynamic window to investigate the effect of different flows on survival.

Fig. 5. Dynamic window for drawing model input.

Model input parameters
river flows in kcfs
fish swimming velocity as a function of age
variability in swimming velocity as a function of age
dam monality
predator density in each reservoir
predator activity as afunction of time
age of fish at release
number of fish released each day for a site
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Model output
Model output is in passage histograms (Fig. 6) that are viewed by clicking on adam
symbol on the base map. Histograms give the percent survival and daily passage at dams.

Pacsage Histogram for The Dalles Dam

2117 teta) a3 20X survivel

Fig. 6. Passage histogram showing daily capture at a dam.

The input and output windows can be placed anywhere convenient on the screen, arranged
and resized in order to view relationships (Fig. 7). With this control it is possible to change
quickly model parameters and easily observe changes in fish survival.

Start of Release (Julten Day) 14) 0
Age at First fslesss {14} ]

Maximm Datly Relesse: O 1000

Fig. 7. One arrangement of input and output windows on the base map.
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Model assumptions

Inits present configuration the model is based on assumptions on how fish travel down
stream and how they encounter predators. The migration component assumes fish velocity
Is described by an average travel speed and arandom travel speed that fluctuates from mo-
ment to moment. The average component and the intensity of the random component may
change from day to day. Predation is based on a poisson encounter process that may
change intensity from day to day.

Summary of Current Results

A preliminary sensitivity analysis was performed to identify the importance of model
factors on smolt survival. A standard scenario for fish released on the Snake River at Asotin
was compared to scenarios where individual model parameters were altered to produce a 1%
changein survival past Bonneville Dam (Table 1). In the example, flow conditions for 1985
were taken as the base condition. Other parameters were adjusted to give total migrant
surviva of 19%. Fish survival past Bonneville was 20% when the mid-Columbia River flou
was increased by 50 kcfs during a 30 day migration. Decreasing the predator population by
50% in John Day Reservoir also increased survival past Bonneville to 20%. Timing of fish re-
lease had an effect on fish survival due to the increase in predator activity with the seasonal
increase in river temperature. With the model as configured, a delay in release of 1 day de-
creased survival past Bonneville to 18%. Finally. a 5% change in dam mortaity at John Day
Dam increased survival past Bonneville Dam to 20%.

Table 1. Demonstration of the effect of model parameters on survival.

atered location of changein surviva past
parameter ateration parameter Bonneville
Standard run - normal 19%
Flow Columbia R. +50 kcfs 20%
Predator density John Day -50% 20%
Release date Asotin +1 day 18%
Dam mortality John Day -5% 20%

This heuristic exercise suggests that a number of factors can have about the same im-
pact on survival. The model provides a way to investigate the sensitivity of different factors
onsurviva. Sinceit isvirtualy impossible to hold other factors constant while aneisindivid-
ually manipulated it appears difficult to measure a one-to-one correspondence between a
specific factor and survival unless that factor can be sufficiently atered to exceed the impact
of the variation of other factors. The model provides a way to evauate the impact of multiple
variable management scenarios on fish survival.
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A preliminary calibration and test of the model was preformed by fitting the model to
travel time information from brand release groups and PIT tag studies. Figure 8 illustrates a
fit to passage data from the Lower Granite Pool and Turbine Survival Study by Giorgi and
Stuehrenberg (1988).

INPUT PARAMETERS
§- River length (Miles) . 52
. M te (Miles/D e 2.4

g : Asotin Release %ﬁ%?\/(ar:ael‘)slllt?/y «3.3
. S Coeff Of Produdtion R
o = Collectlon Efficiency . .398
3 Number Of Fish In . 1656
2 8| Wet Fish Out (Model) . 1189
3 - Percent Survival (Model) .« 71.9 §
= Number Fish Out ) . 1188

o {l Percent Survival (Date). 71.7 8

06
Tine (days)
NUMBER OF FISH REACHING DOWNSTREAM DAM

g Lower Granite
i Collection
5 8-
H
‘B I
; I

© 4 ¢ o WJl --— -

91 101 103 105 107 109 111 113 116 117 119 121
Tire (days,

Fig. 8. Fit of model to passage data (,) collected in Lower Granite Study.

Asillustrated in Fig. 8 the model provides a good fit to the passage data. Thisfit in-
cluded information on fish travel time as well as the total number that survive. In this man-
ner, the model incorporates mote information in its survival estimate than does RELEASE,
which does not incorporate travel time information (Bumham et al. 1987).
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