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“If only density-independent causes of mortality exist, the stock can vary without limit,
and must eventually by chance decrease to zero”

W.E. Ricker 1954

“Compensatory density dependence must exist for naturally stable populations to persist
under harvesting”

Rose et al. 2001

“Consecutive years of large numbers of spawners can severely depress
macrozooplankton populations leading to a collapse of subsequent broods of sockeye”

Edmundson et al. 2003

“Due to overflow of the spawning grounds almost the whole generation of pink salmon
of the Western Kamchatka of 1983 died” [greater than 100 million spawners]

Bugaev 2002
"Nobody goes there anymore. It's too crowded."

Y. Berra 1998
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Key Words with Multiple Meanings

The following three key words used in this report warrant careful definition as they have
different meanings depending on context. Additional history and clarification of terms related
to density dependence are provided by Herrando-Perez et al. (2012b).

Productivity: In general economic terms, productivity is the amount of output produced per
unit of input. In fisheries biology, the productivity of a population can be defined as the amount
of recruitment (R; i.e., progeny) produced per unit of spawner abundance (S). A population’s
productivity determines its growth rate, and typically declines as population density increases.
“Intrinsic productivity” defines maximum productivity when the effects of density are negligible
(as when S is very low). For this reason, the Northwest Power and Conservation Council’s Fish
and Wildlife Program (NPCC 2014) defines productivity as a measure of a population’s ability to
sustain itself or its ability to rebound from low numbers. In ecology, however, the terms
productivity (a potential) or production (an actual real world performance) refer to the rate of
biomass generation in an ecosystem (Warren 1971). Both terms are usually expressed in units
of mass per unit surface (or volume) per unit time; for instance grams per square meter per day
(g m?d?), and is related to the generation of food for metabolism and growth. In this report,
the terms “population productivity” and “habitat productivity” are used to distinguish these
two contrasting meanings unless the context is obvious.

Carrying Capacity: The carrying capacity parameter in population models—like the logistic
equation, the Ricker model, and the Beverton-Holt model—defines an upper limit to population
growth as density increases, and thus, determines a maximum equilibrium population size.
Population size is expected to fluctuate around the maximum equilibrium population size
because of variability in vital rates that is unrelated to density. Moreover, the carrying capacity
parameter itself may change over time, tracking changes in habitat conditions. More generally
in ecology, carrying capacity refers to the maximal load an environment can sustain—or more
precisely, the maximum number of individuals of a species that a given habitat can support
without being permanently damaged (Odum 1989). The two senses (maximum equilibrium
population size and maximal environmental load) are related, but not identical and should not
be confused (Hui 2006). In this report, the terms “population capacity” and “habitat capacity”
are used to distinguish the meanings unless the context is obvious.

Resilience: The term resilience is used in two very different ways (Holling 1996). “Engineering
resilience” refers to stability near an equilibrium steady state, as measured by resistance to
disturbance and speed of return to equilibrium. It emphasizes efficiency, constancy, and
predictability. In contrast, “ecological resilience” refers to an ecosystem’s capacity to absorb
and adapt to disturbance or change while maintaining essential functions (Walker and Salt
2006). It emphasizes persistence, change, and unpredictability. Resilience in the context of
population viability implies engineering resilience whereas resilience of an ecosystem implies
ecological resilience. Both senses are used in this report depending on the context.
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Executive Summary

In response to an assignment from the Northwest Power and Conservation Council, NOAA
Fisheries, and Columbia River Indian tribes, the Independent Scientific Advisory Board (ISAB)
reviewed the implications of density dependence in fish populations in the Columbia River
Basin. The ISAB’s key findings include:

e Many salmon populations throughout the interior of the Columbia River Basin are
experiencing reduced productivity associated with recent increases in natural spawning
abundance, even though current abundance remains far below historical levels. Density
dependence is now evident in most of the ESA-listed populations examined and appears
strong enough to constrain their recovery. This fact raises the question: Why is density
dependence more evident than expected at low abundances?

e The ISAB reanalyzed the admittedly limited historical data to better evaluate the potential
capacity for salmon and steelhead in the Columbia Basin before hydrosystem development.
The ISAB concludes that historical all-species capacity was likely in the range of 5 to 9
million adult fish per year, which is less than previously published estimates (e.g., 7.5 to 16
million adults per year) but still much higher than current abundance levels (~2.3 million
fish per year during 2000-2012).

e Evidence for strong density dependence at current abundance suggests that habitat
capacity has been greatly diminished. Roughly one-third of the Basin is no longer accessible
to anadromous salmon, and continuing changes to environmental conditions stemming
from climate change, chemicals, and intensified land use appear to have further diminished
the capacity of habitat that remains accessible. Density dependence was also observed in
some less altered watersheds.

e Hatchery releases account for a large proportion of current salmon abundance. Total smolt
densities may be higher now than historically. By creating unintended density effects on
natural populations, supplementation may fail to boost natural origin returns despite its
effectiveness at increasing total spawning abundance.

e |dentifying mechanisms that contribute to density dependence in particular habitats and life
stages—such as limitations in spawning habitat, rearing habitat or food supply, or predator-
prey interactions—can help to guide habitat restoration and population recovery actions.

e Understanding density dependence (e.g., stock-recruitment relationships) in salmon
populations is central to evaluating responses to recovery actions and for setting spawning
escapement goals that will sustain fisheries and a resilient ecosystem.

The ISAB’s key recommendations include:
Anadromous salmonids

e Account for density effects when planning and evaluating habitat restoration actions.
e Establish biological spawning escapement objectives that account for density dependence.
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Balance hatchery supplementation with the Basin’s capacity to support existing natural
populations by considering density effects on the abundance and productivity of natural
origin salmon.

Improve capabilities to evaluate density dependent growth, dispersal, and survival by
addressing primary data gaps.

Non-anadromous salmonids

Recognize that carrying capacity for non-anadromous salmonids can be increased by
restoring in-stream structure and riparian vegetation.

Recognize that carrying capacity for non-anadromous salmonids can be reduced through
competitive interactions with stocked hatchery trout or invasive non-native trout.
Consider the probable effects of density on survival, emigration, growth, and size/age at
maturity when developing angling regulations to achieve conservation and recreational
goals.

Sturgeon

Consider habitat capacity and the probable effects of density on growth and survival when
developing stocking programs to conserve white sturgeon.

Lamprey

Initiate studies to gather information about current densities of Pacific lamprey in the Basin
and to learn about density dependent processes that might thwart efforts to promote their
recovery.

Consider lessons learned about supplementation and density dependence in anadromous
salmonids when planning future actions to propagate and translocate (i.e., supplement)
lamprey within the Basin.
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Summary

Preface

Understanding density dependence—the relationship between population density and
population growth rate—is important for effective implementation of the Columbia River Basin
Fish and Wildlife Program, biological opinions, recovery plans, and tribal programs. Information
on how density dependence limits fish population growth and habitat carrying capacity is vital
for setting appropriate biological goals to aid in population recovery, sustain fisheries, and
maintain a resilient ecosystem. Habitat restoration and population recovery actions can be
planned and implemented more effectively by understanding mechanisms that cause density
dependence in particular cases, such as limited food supply, limited rearing or spawning
habitat, or altered predator-prey interactions.

In March 2014, representatives from the Northwest Power and Conservation Council (NPCC),
NOAA Fisheries, and Columbia Basin tribes approved the Independent Scientific Advisory Board
(ISAB) to review the implications of density dependence in fish populations in the Columbia
River Basin. This report consists of two parts. Part 1 focuses on issues that are most relevant to
restoring anadromous populations of Pacific salmon (Oncorhynchus species), particularly
Chinook salmon and steelhead. It addresses the following questions:

1) What is density dependence and why is it important?

2) Why is density dependence more evident than expected at current relatively low abundances
of anadromous salmonids?

3) Where has density dependence been detected in the Basin?

4) How can we detect and diagnose density dependent limiting factors?

5) How can density dependent limitations be ameliorated to promote population rebuilding
and recovery?

Part 2 addresses issues that are more relevant to density dependence in other species groups
including resident trout (rainbow, cutthroat and bull trout), kokanee, white sturgeon, and
Pacific lamprey.

PART 1: Anadromous Salmonids
Chapter 1. Introduction

Productivity (measured as adult returns per spawner) has been declining in many
spring/summer Chinook salmon populations in the Upper Columbia and Snake river basins, and
in steelhead populations in the interior Columbia region since approximately 2001. Surprisingly,
this recent widespread decline in productivity seems to be caused primarily by increased
spawning densities, even though current abundances are low compared to historical estimates.
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Density effects on productivity are particularly evident in spring/summer Chinook salmon
populations throughout the Snake River Basin where increasing spawners from 20,000 to
50,000 adult females has not resulted in additional smolt production. Additional evidence that
increased abundance of juvenile Chinook is associated with reduced smolt size strongly
suggests that food availability in freshwater habitat is limiting growth at current densities. In
short, the capacity of some watersheds to support salmon or steelhead appears to have been
exceeded at spawning abundances that are low relative to historical levels.

Chapter II. What is density dependence and why is it important?

Density dependence occurs when a population’s density affects its growth rate by changing one
or more vital rates—birth, death, immigration, or emigration. Density dependence can be of
two types. Most common is compensatory density dependence (also termed compensation) in
which a population’s growth rate is highest at low density and decreases as density increases.
Compensation is typically caused by competition for limiting resources, such as food or habitat.
Less common is depensatory density dependence (depensation) in which a population’s growth
rate decreases at low densities, opposite to what is typically expected. Depensatory mortality
occurs when predators tend to kill a fixed number of prey, so that the death rate becomes
higher as fewer prey are present. Depensatory reproduction might occur when a population
becomes so rare (e.g., mature endangered sturgeon) that individuals have difficulty finding
suitable mates, driving down the birth rate at low densities.

As the name implies, compensatory density dependence can stabilize population abundance
because it tends to restore the population to some equilibrium level. The stabilizing influence of
compensation must occur at some times and places or populations would not persist.
Compensation is also fundamental to the concept of sustainable yield in fisheries and wildlife
management in that it explains how harvesting an abundant population can increase rather
than decrease total production in the next generation.

Stock-recruitment models are commonly used to describe and quantify compensation in a
managed fish population, to develop biologically based spawning and harvest rate goals, and to
estimate the maximum equilibrium abundance that the habitat can support. These models
typically describe the relationship between parent spawners (stock) and the subsequent returns
of progeny as maturing adults (recruitment). In practice, there is considerable variability in
recruitment from a given parent spawning population due to fluctuations in factors such as
climate that are unrelated to density. For this reason, statistical procedures are needed to fit an
appropriate model (see Appendix | to the main report). It is also important to recognize that
stock-recruitment models typically reflect ecosystem conditions in the recent past and may not
adequately account for longer-term effects of spawning abundance on ecosystem
characteristics; for example, by sorting streambed gravels and delivering nutrients.
Consequently, the ecosystem may not be able to sustain indefinitely the “maximum sustainable
yield” estimated from a stock-recruitment model based on historical spawning abundances.
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Chapter III. Pre-development capacity of the Columbia River Basin

The total annual abundance of adult salmon and steelhead in the Columbia River Basin during
the pre-development period (*mid 1800s) has been estimated to range from 7.5 to 8.9 million
fish (Chapman 1986) and 10 to 16 million fish (NPPC 1986)." However, the ISAB’s re-analysis of
the admittedly limited data suggests that the potential capacity for all species combined in the
pre-development period was likely in the range of 5 to 9 million adult fish per year, with the
primary evidence (i.e., probable harvest rates) supporting an estimate of around 6 million fish
per year. This revised estimate of all-species capacity probably overestimates the historical
long-term average annual abundance because it is based on harvests during a period of
favorable ocean conditions (late 1800s-early 1900s).

Even so, there is little doubt that the average annual abundance of adult salmon returning to
the Basin during the pre-development period was much greater than today (~2.3 million fish
per year during 2000-2012). Accepting this fact raises the second question posed in the Preface:
“Why is density dependence more evident than expected at low abundances?” As a first step in
addressing this question, the ISAB compared the percentage change in accessible habitat to the
percentage change in adult salmon abundance from the pre-development period to the
present. Only approximately two-thirds of the habitat available in the pre-development period
is currently accessible to anadromous salmonids, yet current adult abundances of spring
Chinook, fall Chinook, coho, and steelhead (natural and hatchery fish combined) often exceed
two-thirds of their historical abundances. These simple comparisons provide initial evidence
that overall density (natural and hatchery origin salmonids combined) may now be greater for
spring and fall Chinook, coho, and steelhead; similar for sockeye salmon; and much less for
summer Chinook and chum salmon. Furthermore, the total abundance of salmon smolts
(natural and hatchery combined) may also be greater now than historically. The overall
implication is that total adult returns of naturally spawning and hatchery fish may now be
exceeding the carrying capacity of some areas of the Columbia Basin and its estuary.

Chapter IV. Novel Ecosystem Effects on Capacity, Productivity, and Resilience

The contemporary Columbia River is a novel ecosystem: a river and an estuary substantially
altered from historical conditions. Novel ecosystems (also called hybrid or no-analogue
ecosystems) are those in which species composition and ecological processes are
unprecedented in the ecosystem’s history. The contemporary Columbia River, its tributaries
and the adjacent ocean provide significant challenges for the long-term vitality of native
species. Although a few native species—e.g., northern pikeminnow—may have benefitted from
increased habitat (hydrosystem reservoirs) and prey (hatchery salmon smolts), the intrinsic

! Chapman, D.W. 1986. Salmon and Steelhead Abundance in the Columbia River in the Nineteenth Century.
Transactions of the American Fisheries Society 115:662-670.

NPPC (Northwest Power Planning Council) 1986. Compilation of information on salmon and steelhead losses in the
Columbia River Basin. Northwest Power and Conservation Council (formerly named Northwest Power Planning
Council) Portland, OR.
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productivity of most populations has declined, and most habitats now have significantly
reduced carrying capacity, resulting in less resilience to natural and human-induced
environmental stresses.

Chapter IV of the main report summarizes important environmental changes in the Columbia
River Basin and the adjacent ocean. It examines linkages among carrying capacity, productivity,
resilience, and life history characteristics in response to the changed environmental conditions,
the resulting density dependent responses of native fishes, and the consequences of reduced
life history diversity.

Ecosystem properties affecting density dependence - Broad environmental changes have taken
place over the last two centuries. Historic watercourses have been changed by extensive
physical alterations to the water supply and stream channels, as well as by anthropogenic land
use. Continuing changes include ecosystem-scale alterations from urban development,
widespread use of artificial chemicals, the proliferation of non-native species, range expansions
and contractions by native species, pervasive alterations to riparian zones and food supplies,
and climate change.

Changing oceans - The Columbia River is intimately linked to the Pacific Ocean by the regular
movement of energy, materials, and organisms. Ocean conditions for salmon are changing
steadily due to climate change, acidification, hatchery releases of juvenile salmon, and
pollution. These changes affect density dependent rates of growth, maturation, and survival of
anadromous fishes, altering their productivity, as well as the carrying capacity and resilience of
marine habitats.

Life history diversity effects on carrying capacity, productivity, and resilience - Novel
ecosystems pose threats to the life history diversity of previously well-adapted populations. Life
history adaptations within and among salmon populations effectively increase a watershed’s
capacity to produce salmon because diverse life histories use a variety of habitats during each
life stage, thereby reducing competition among individuals. In addition, the diversity of species,
populations, genes, and life history traits within biological communities contributes to
ecological resilience in the face of disturbance and environmental variability by providing a
greater range of options to absorb or respond to change.

Although it is not possible to make quantitative comparisons with historical conditions, the
collective evidence overwhelmingly suggests that the carrying capacity, productivity, and
resilience of the Columbia River for native species have been diminished by widespread
changes to environmental conditions. Collectively, these environmental changes likely
contribute to the widespread (and unexpected) evidence of density effects on salmon
productivity even though current spawning abundance is low relative to historical levels.
Ongoing changes to environmental conditions stemming from climate change, chemicals, and
intensified land use may further diminish the carrying capacity, productivity, and resilience of
habitats, thus reducing the productivity of fish populations at any given density.
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Chapter V. Evidence for Density Dependence among Anadromous Salmonids by Life
Stage

The ISAB concludes, based on a comprehensive overview of existing studies within the Basin
(see Chapter V in the main report and Appendix lll), that strong density effects are evident in
many natural populations despite current spawning abundance being much lower than
historical abundance. We focused initially on detecting density dependence over the entire life
cycles of salmon and steelhead (spawners to recruits) and then looked for evidence of density
effects during particular stages from freshwater spawning and rearing, to estuarine rearing, to
ocean residence.

Density dependence over the full life cycle - Recent studies provide compelling evidence for
compensatory density dependence over the full life cycles of salmon and steelhead in most
populations examined, even though abundances of natural spawners remain well below
historical levels (Appendix I11). No evidence of depensation was evident in these studies.
Depensatory mortality is thought to occur at some stages, but its influence must be masked by
stronger compensatory mortality in other life stages. Similarly, the widespread evidence of
density dependence indicates that factors independent of density, such as variable stream flow
and temperature, have not been sufficiently variable to obscure compensatory relationships
that define carrying capacity. Most of the populations studied are Chinook salmon (28
populations) and steelhead (24 populations) in the Upper Columbia and Snake river basins. Few
studies have examined density effects in coho salmon populations in the Columbia River, and
few studies have been conducted on any species in the lower Basin where numerous
subyearling Chinook are released. Density dependence observed during the life cycle might
occur, depending on the particular case, because of competition among salmonids for key
resources on the spawning grounds, in natal rivers or downstream reaches, in the estuary, or in
the ocean.

Freshwater spawning and rearing - Strong compensation in survival and growth between
spawning and smolt migration has been detected in 33 spring/summer Chinook populations in
the Snake River Basin, two fall Chinook populations (Snake River and Hanford Reach), and six
steelhead populations in the interior Columbia River Basin. None of the available studies except
Okanogan River sockeye suggests little or no density dependence. These studies indicate that
freshwater habitat capacity is often limiting growth and survival even though current spawning
abundances are low relative to historical levels. For example, approximately 1.5 million
spring/summer Chinook reportedly returned to the Snake River Basin each year during the late
1800s compared with only approximately 110,000 spring/summer Chinook during 2000-2013
(hatchery and natural combined). In some cases, spawning or juvenile densities in recent years
appear to be meeting or exceeding the current capacity of rivers to support sustainable natural
populations. Few of these studies examined density dependence separately during the
spawning versus juvenile rearing stages, so it was seldom possible to demonstrate density
effects during spawning.
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Estuary rearing - All anadromous salmonids in the Basin pass through the Columbia River
estuary, so it is clearly important to know whether current densities in the estuary are
contributing to density dependence detected in the full life cycle analyses. Unfortunately, few
studies have tested for density dependence in the Columbia River estuary, and the evidence is
too scant to draw conclusions. This information gap is of concern because an important goal of
habitat restoration in the Columbia River estuary is to reduce density effects by increasing
population capacity and productivity—especially for natural-origin sub-yearling Chinook salmon
that use the estuary as rearing habitat before entering the ocean.

Ocean rearing - Carrying capacity of salmon in the North Pacific Ocean was once thought to be
unlimited—a concept that encouraged industrial-scale production of hatchery salmon. That
concept is being challenged by growing evidence that survival, growth, and maturation of
salmon during ocean residence are affected by aggregate salmon densities in the ocean.
However, very few studies have yet considered how the aggregate density of salmon from the
Columbia River might affect their growth and survival during the ocean stage. The ISAB
concludes that the lack of information about density dependence of Columbia River salmonids
during their time in the ocean is a critical gap that hinders an understanding of factors affecting
growth and survival of the Basin’s anadromous salmon.

Chapter VI. Hatchery Effects on Density Dependence

The Council’s 2014 Fish and Wildlife Program implicitly recognizes the need to balance artificial
propagation of salmonids with the Columbia River’s capacity to support existing natural
populations. After reviewing available evidence (see main report), the ISAB concludes that
hatchery supplementation (for the primary purpose of rebuilding natural populations of salmon
and steelhead) and large-scale hatchery releases to support fisheries may both have
unintended density dependent effects on natural populations. Key findings:

¢ Supplementation typically increases total spawning abundance, but may not boost
natural origin returns as intended.

¢ Hatchery fish have become abundant in many spawning and rearing habitats, and often
represent a large percentage of naturally spawning Chinook and steelhead in the Basin.

e By increasing overall density, hatchery fish lower the productivity of natural spawners,
and most importantly, of natural origin spawners, which may have been reduced to a
low proportion of the population.

* As salmon densities increase beyond habitat capacity, salmon productivity will fall below
replacement (i.e., adult returns per natural spawner < 1).

e Continued hatchery releases can maintain or increase total spawning density even
though the productivity of natural spawners has fallen below replacement.

* Most supplemented and non-supplemented interior Chinook and steelhead populations
are not naturally sustainable at recent high levels of total spawners; lower densities
might allow them to become sustainable, albeit at lower abundance.

e Hatchery supplementation of natural populations should be scaled back when the
demographic benefits no longer outweigh the genetic and ecological risks. Studies have
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shown that productivity and abundance of natural winter steelhead increase following
the removal of hatchery summer steelhead, and that the abundance and productivity of
natural coho salmon increase following removal of hatchery coho salmon.

Chapter VII. Predation Effects on Density Dependence

Predators can have a significant impact on the survival of salmonids at all life stages. Their
overall impact on a salmon population depends on the feeding rate of individual predators, the
number of predators, and the length of time the salmon are vulnerable. Mortality caused by
individual predators is typically depensatory. That is, the impact on a prey population from
individual predators is highest when fewer prey are present, but the impact decreases when
more prey are available because the predators become satiated and reduce their feeding rate.
However, the typical depensatory functional response of individual predators can be offset by
an increase in the number of predators due to aggregation in the short term or increased
predator reproduction and abundance in the long term. Thus, large releases of hatchery fish
can affect predation of natural-origin fish indirectly, by influencing the behavior and dynamics
of predator populations.

Predation on adults during upstream migration (e.g., by sea lions) is of particular concern
because it may reduce the potential spawning population more than an equivalent rate of
predation at earlier life stages. Losses to predators early in the salmonid life history (e.g., from
bird and fish predation) are often mitigated by compensatory mortality during later life stages,
especially if predators selectively remove the most vulnerable individuals. By the time adult
salmon enter the Columbia River estuary, they have already survived numerous threats in both
freshwater and marine environments, and all are potentially valuable for harvest or spawning.
The escapement goal of spring Chinook counted at Bonneville Dam (115,000 fish) has been met
or exceeded since 2008 despite recent indications that predation of salmon by pinnipeds is
increasing. Moreover, the life cycle recruitment relationships for Columbia River salmon and
steelhead populations examined in Chapter V indicate that density dependence over the entire
life cycle remains strongly compensatory even though depensatory mortality likely occurs at
some life stages.

Chapter VIII. Management of Anadromous Salmonids in the Columbia Basin

A better understanding of density dependence could help to develop quantitative goals and
objectives as part of the Council’s Fish and Wildlife Program, to manage and evaluate the status
of anadromous salmon populations, and to guide and evaluate habitat restoration activities in
the Basin.

Escapement goals - Spawning escapement goals are reference points set by management
agencies to maintain the potential for abundant salmon returns in the future. Biological
escapement goals are typically developed by fitting Ricker or Beverton-Holt models to empirical
spawner and recruitment data, thereby taking density dependence into account. Typically,
biological escapement goals are established to maximize the potential for future harvests in
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fisheries, but other reference points could be developed to maximize adult returns with a view
to supporting wildlife, such as mink or bear, or the ecosystem (e.g., riparian tree growth).

Most escapement goals or management objectives in the Basin do not appear to be based on
guantitative recruitment models that account for density dependence. Instead, management of
fisheries is largely based on harvest rates in relation to stock abundances as described in the
U.S. versus Oregon Management Agreement. Biological escapement goals that take density
dependence into account are needed for salmonids in the Columbia Basin not just to manage
fishery harvests but also to (1) indicate the carrying capacity of watersheds, (2) guide
restoration actions, and (3) explicitly consider ecosystem benefits beyond sustainable harvests.

Supplementation and hatchery efforts - Supplementation actions often appear to be initiated
without fully considering the probable density effects on natural-origin salmonid populations.
Hatchery fish often account for an exceptionally high proportion of naturally spawning fish in
populations in which strong density dependence has been detected. High spawning densities
have frequently produced adult returns that were less than the parent spawning population. A
successful integrated hatchery program is dependent on a sustainable natural population; total
fish densities must be within the capacity of the watershed to support them. The ISAB
concludes that biological escapement goals are needed to identify the maximum number of
spawners (including supplementation fish) that can be sustained by existing habitat, so that the
influence of supplementation on the natural population can be evaluated and adjusted as
necessary.

Habitat restoration actions - Knowledge about density dependent mechanisms can help in
planning restoration activities. Research to measure density dependent relationships is needed
to 1) identify life stages requiring habitat restoration, 2) set the baseline for current capacity
and productivity of the streams, and 3) evaluate fish responses to restoration actions. Studies
within Intensively Monitored Watersheds provide a unique opportunity to monitor and
evaluate density dependence within salmon populations. There is also a need to develop
explicit hypotheses for how restoration actions might reduce density dependence during each
life stage, or be designed to ameliorate mortality that is unrelated to density (such as high
water temperature and extreme water flows), or provide other benefits to the ecosystem.

Ecosystem-scale benefits may accrue from having fish abundances fluctuate above the
population carrying capacity. The “excess” fish can be ecologically important in maintaining the
long-term vitality of the ecosystem, and can enhance habitat restoration actions in a number of
ways. For example, a high abundance of adult spawners is needed to clean stream gravel of fine
materials that impede subsurface flow, to contribute nourishment to large predators,
scavengers, and downstream communities, and to enhance the growth of riparian trees.
However, these long-term benefits to the ecosystem must be balanced against short-term costs
to fishing communities or to the fish population if there is overcompensation (less recruitment
from larger spawning abundances).
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Evaluation of population status and program effectiveness - The status of salmon populations
or success of restoration actions cannot be fully evaluated without considering the effects of
fish density. Many supplemented salmon populations have recently increased in abundance,
suggesting that their status is improving. However, because of density dependence, the
increased abundance of naturally spawning fish has often reduced productivity in the next
generation such that natural spawners cannot maintain their hatchery-supplemented
abundance.

Simply documenting a change in body growth, survival, or abundance is inadequate for
evaluating success of restoration projects because density can have a strong effect on each
metric. Instead, improvements in the response variable (growth, dispersal from the natal
stream, survival, or recruitment) should be compared relative to changes in fish density. Ideally,
relationships between the response variable and density would be developed for a baseline
period prior to habitat restoration and then compared to post-treatment values and reference
streams to determine the success of the restoration actions.

Chapter IX. ISAB Recommendations, Part 1

The following recommendations list ways to consider and account for density dependence
when planning and evaluating habitat restoration actions, developing quantitative objectives
for the Basin’s anadromous salmon populations, and improving the research plan of the
Council’s Fish and Wildlife Program. These recommendations also apply generally to other
efforts (e.g., the FCRPS Biological Opinion, NOAA recovery plans and life cycle modeling, and
tribal programs) to mitigate impacts from the 4Hs (hydro, habitat, harvest, and hatcheries).

1. Account for density effects when planning and evaluating habitat restoration actions. The
pre-development capacity of the Basin to support salmonids is likely less than previously
believed; a re-analysis suggests that the capacity for all salmon species combined was 5 to 9
million adults. Additionally, there are significant environmental contraints imposed by the Basin
as a dynamic but highly altered novel ecosystem. Therefore, it is important to consider the
following in developing restoration actions for the Fish and Wildlife Program and other regional
efforts:

e Use knowledge of mechanisms influencing density dependent growth, dispersal, and
survival of anadromous salmonids to choose restoration actions that will most
effectively increase habitat capacity and fish population productivity and abundance.

e Inrestoration planning, identify actions capable of reducing density dependence during
each life stage, and integrate with actions designed to reduce mortality caused by
density independent factors (e.g., water temperatures and flows).

e Consider density dependence when evaluating the success of restoration actions; fish
response variables (growth, dispersal from the natal stream, survival, recruits) are
typically influenced by fish density.
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2. Establish biological spawning escapement objectives (reference points) based on
recruitment models that account for density dependence, including population productivity and
habitat carrying capacity. Accounting for density dependence helps determine realistic wild
(i.e., natural origin) salmon abundance objectives for the Fish and Wildlife Program’s wild fish
strategy. Specifically:

e Establish biologically based reference points to guide the need for management actions
(via harvests, supplementation, and removal of surplus hatchery fish entering the
spawning areas) and to quantify when too few or too many spawners are present to
sustain natural populations.

e |n setting harvest rates, account for current population productivity and habitat
capacity, and adjust harvest through Adaptive Management as environmental
conditions change.

e Recognize that large spawning escapements can provide ecosystem benefits and
promote long-term sustainability but might also impose short-term costs to fishing
communities or to the fish population if there is overcompensation (less recruitment
with larger spawning abundances).

e Acknowledge that ecosystem-based fishery management may prove to be the best
strategy over the long term given existing uncertainty about density dependent and
ecosystem-scale processes.

3. Balance hatchery supplementation with the Basin’s capacity to support existing natural
populations by considering density effects on the abundance and productivity of natural
origin salmon. In particular:

e C(learly articulate anticipated benefits of supplementation actions and base these
actions on established scientific principles.

e Estimate the abundance and proportion of hatchery and natural origin adults on
spawning grounds, whenever possible, to target appropriate spawning densities that
prevent the loss of productivity in natural populations, especially through
overcompensation in the short term or domestication in the long term.

e Recognize that an integrated hatchery supplementation approach requires a self-
sustaining natural salmon population, which in turn requires spawning densities that can
be supported by the environment.

4. Improve capabilities to evaluate density dependent growth, dispersal, and survival by
addressing primary data gaps. This relates directly to having monitoring strategies that
guantify the success of Fish and Wildlife Program activities, as well as gather information that
allows adjustments for ongoing human-driven environmental changes. The primary data gaps
involve:
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e Density effects in salmon populations that spawn in the lower Basin and in coho salmon
populations throughout the Basin.

e Density effects on the growth and survival of juvenile salmonids emigrating downriver
and rearing in the estuary and ocean.

e Predation on adult salmon by pinnipeds (seals and sea lions). Since depensatory
mortality may pose a threat to ESA-listed populations, the ISAB recommends further
guantification of mortality and evaluation of life cycle recruitment in salmon
populations targeted by pinnipeds.

PART 2: Non-anadromous salmonids, sturgeon, and Pacific Lamprey

Part 2 addresses key issues of management interest for sturgeon, Pacific lamprey, and non-
anadromous or “resident” salmonids including non-anadromous trout, charr, and kokanee.
Questions about density dependence are different for these species groups than for
anadromous salmonids, owing to differences in their life history and ecology, and the focus on
conservation and increasing sport fishing opportunities rather than increasing harvest in
commercial fisheries. Moreover, direct measurement or manipulation of densities or limiting
resources is often more feasible for resident salmonids and sturgeon than for anadromous
salmonids, so that different approaches can be used to address questions of management
interest. Important management questions related to density dependence in resident trout
include:

1) Does habitat restoration decrease density dependent limiting factors and thereby increase
carrying capacity?

2) Does stocking of hatchery trout reduce carrying capacity for natural origin trout, and
thereby reduce their density?

3) Do invasions by non-native trout or other non-native species reduce the carrying capacity for
native trout, and thereby reduce their density?

4) Can overexploited trout populations rebound when angling mortality is reduced to sustain
higher densities for conservation or sport fishing?

Chapter X. Non-Anadromous or “Resident” Trout

Rainbow, cutthroat, and bull trout (actually a charr) are termed “resident” because they do not
migrate to the ocean. However, many populations make substantial migrations within fresh
water to complete their life cycles, including adfluvial populations that migrate from lakes to
streams to spawn and fluvial populations that live in large rivers and spawn in tributaries.
Unlike anadromous Pacific salmon that spawn only once and die, resident trout may spawn
repeatedly (some only in alternate years), mature late (e.g., age 3-7), and be long lived. These
life history differences complicate the task of relating adult recruitment to parental spawning
density. Only a few trout populations have been monitored long enough and in sufficient detail
to fit recruitment models.
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Populations of resident trout can be difficult to delineate because they often disperse
throughout riverscapes to find suitable habitat for spawning, rearing, and refuge from extreme
conditions. Hence, immigration and emigration (in addition to fecundity and survival) are
potentially important considerations in managing trout populations. Moreover, adult and
juvenile trout often use the same general habitats, allowing for more interactions among age
classes than anadromous salmon and trout.

Resident trout are typically smaller and less fecund than anadromous salmonids, so they are
less likely to saturate all available spawning habitat with eggs, a common cause of
compensation in anadromous salmonids. Consequently, compensation in resident trout
populations is more likely to occur at other life stages, such as among adults. In addition,
recruitment of juvenile trout during their first summer in mountain streams and rivers is often
more strongly limited by density independent effects of snowmelt runoff flows than density
dependent competition.

Does habitat restoration decrease density dependent limiting factors and thereby increase
carrying capacity?

Adding in-stream habitat for either juvenile or adult trout is expected to increase carrying
capacity primarily via two mechanisms: decreasing mortality and/or decreasing emigration
from the study reach. Fecundity reflects body growth, which is usually limited by habitat
productivity, and annual immigration is typically substantial and relatively constant; therefore,
these two rates are unlikely to change with in-stream habitat restoration. Even so, effects of
habitat restoration or expansion are controversial, with recent comprehensive reviews arguing
for and against positive effects. Expected benefits of restoration might not be detected because
of uncontrolled confounding variables, or problems with the design and analysis of field
experiments. In particular, measuring the long-term and large-scale effects of restoration for
mobile trout in riverscapes is challenging, and requires appropriate hypotheses and methods to
be effective. In comparison to adding in-stream habitat, restoration of riparian vegetation can
increase the input of terrestrial invertebrates, which some studies have shown can increase
growth and abundance, and reduce emigration.

Does stocking of hatchery trout reduce carrying capacity for natural origin trout, and thereby
reduce their density?

One might expect hatchery trout to be “analogs” of natural-origin trout, and that they would
compete for similar resources, thereby reducing the habitat’s carrying capacity for natural-
origin trout. However, whether they do in any specific case depends on the species, life stage,
density stocked, carrying capacity of the environment, whether the hatchery trout are highly
domesticated or progeny of natural-origin parents, and their competitive ability relative to
natural-origin fish. Studies conducted at small scales in the laboratory or artificial streams have
often shown that fish reared in hatcheries are more aggressive, waste energy, feed inefficiently,
and are more susceptible to predation than their natural-origin counterparts. Direct
observations of juvenile fish in natural streams have also shown that hatchery fish can
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dominate profitable feeding positions and displace natural-origin fish, often owing to the larger
size of hatchery fish. However, controlled experiments to test for effects of hatchery fish on
growth or survival of natural-origin fish in natural streams are less common.

Overall, available evidence indicates that introducing hatchery-reared trout of the same species
can have density dependent effects on growth—although a recent comprehensive study of
stocking catchable sterile adult rainbow trout in the interior Columbia River Basin did not
detect this effect. Likewise, effects on survival of natural-origin trout have not been
demonstrated in any studies, probably because survival of hatchery-reared catchable trout is
usually low. Hatchery-reared trout can also cause hybridization and introduce disease, but
these effects were not reviewed.

Do invasions by non-native trout or other non-native species reduce the carrying capacity for
native trout, and thereby reduce their density?

Reduction of carrying capacity can be inferred by measuring how much the native trout
population expands when the non-native species is removed. Native cutthroat trout and bull
trout abundance each increased about 10-fold when non-native brook trout were removed.
Other research shows that when brook trout replace native cutthroat trout, they can achieve
densities, biomass, and production 1.5 to 1.9 times that of the native trout, even after
accounting for primary differences in habitat. Even when brook trout occur at the same density
as cutthroat trout, brook trout can produce an increased “load” on the ecosystem by reducing
adult aquatic insects emerging from streams that feed riparian animals like bats, birds, and
spiders.

Can overexploited trout populations rebound when angling mortality is reduced to sustain
higher densities for conservation or sport fishing?

Populations of bull, cutthroat, and rainbow trout in cold unproductive mountain streams,
rivers, and lakes are particularly susceptible to angling mortality and overfishing. Recent federal
listings and conservation plans have prompted restrictive angling regulations or closures,
assuming that natural mortality and angling mortality are largely additive, as often inferred
from subsequent increases in abundance. However, if natural mortality is compensatory and
simply replaces angling mortality, then such regulations might be ineffective.

Studies of bull trout populations demonstrate that natural-origin populations can rebuild with
reduced angling mortality, but that they eventually reach a carrying capacity because of density
effects on growth, maturation, and life history characteristics. Stage-specific recruitment
models for one adfluvial population suggest that density dependence is strongest in early life
(egg to age-1) and is best described by the Ricker model. One management implication is that
minimum length limits might need to be increased at low density when fish grow faster, to
avoid angling mortality before they mature. Managers can determine when rebuilding has
reached the habitat’s existing carrying capacity by monitoring indices of density dependence
such as growth, age and size at maturity, and reproductive periodicity.
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Chapter XI. Kokanee

Kokanee is a resident form of sockeye salmon that is widely stocked into lakes or reservoirs of
low to moderate productivity in an effort to create robust fisheries. Kokanee (and sockeye
salmon) have several life history characteristics that promote strong density dependence
through wide population fluctuations and intense competition for food. They are short-lived
(typically 5 years or less), spawn only once and die, and typically feed on zooplankton in the
limnetic zone of lakes. Whether intraspecific competition is an issue in any given situation
depends on fish density, size or age, the food supply, and the density of predators.

Kokanee typically grow more slowly at higher density because of scramble competition for
food. In many populations, the length of kokanee spawners (an indication of growth rate for a
particular year class) can be used as a reliable index of year class strength (i.e., juvenile
abundance) or spawner counts, and vice versa. The proportion of older age spawners can also
be used to detect density dependence because slower growth typically delays age at maturity
(e.g., from age 3 to age 4). Overstocking with kokanee fry can cause a population to collapse
when the food base is overgrazed, a phenomenon analogous to overcompensation observed in
natural populations of sockeye salmon.

Density dependent effects are typically taken into account when managing kokanee fisheries.
Intermediate levels of fish density have been shown to produce the highest fishing effort and
catch rate (in both numbers and biomass). Fast growth at very low population densities can
produce trophy-size kokanee, but fluctuations in recruitment at such low densities may lead to
population collapse. Slow growth at very high densities reduces the availability of desirable-
sized fish to anglers as a high fraction of fish may spawn and die before reaching a desirable
size. In most cases, the optimal harvest management approach is to maintain intermediate
densities, resulting in intermediate growth rates, survival, age at maturity and yield, and the
sort of stability that often characterizes successful long-term fisheries.

Chapter XII. Sturgeon

Both green and white sturgeon occur in the Columbia River Basin. Green sturgeon have
historically been much less abundant than white sturgeon and are rarely found more than 60
km up-river from the estuary. They may not spawn in the Columbia River, and little information
is available to assess the role of density in their population dynamics.

White sturgeon historically moved great distances up and down the Columbia River and into
major tributaries, and they still occur upstream as far as Idaho and Canada. However, dams
have fragmented sturgeon habitat into semi-isolated segments where conditions are no longer
optimal and anadromy is difficult. White sturgeon abundance has declined basin-wide because
reproductive success is inconsistent, and juvenile recruitment has been inadequate for
population growth. Although the sub-population downstream of Bonneville Dam is far more
abundant, productive, and reproductively robust than the impounded sub-populations
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upstream, it too has declined, and harvest regulations have become more restrictive in recent
years.

Density dependence has been detected in the geographically isolated, endangered Kootenai
River white sturgeon population (Kootenai management unit). Libby Dam, constructed in 1972,
altered discharge, downriver water temperature, suspended sediment and nutrient delivery,
and habitat productivity. Subsequent recruitment failure prompted a conservation aquaculture
program that started in 1990. Fish that were larger at release survived better in the river than
smaller fish, and this size effect became stronger with continued stocking, which suggests that
increasing the density in the river had reduced both growth and survival.

Seasonal density dependence can also occur in pre-adult and adult white sturgeon inhabiting
reservoirs with limited rearing habitat. For example, the number of sturgeon that can be
accommodated in Brownlee Reservoir, a mainstem Snake River impoundment on the Idaho-
Oregon border, depends strongly on the amount of available habitat, a function of water
temperature and dissolved oxygen concentrations. The carrying capacity for sturgeon varies
greatly among years, such that fish unable to leave the confinement of dam-created pools
might die in some years.

These study results underscore the importance of assessing the productivity and carrying
capacity of habitats where sturgeon are stocked. Such assessment is particularly important for
sturgeon now that dams have blocked or greatly impeded anadromy and dispersal. Before
impoundment, fish often ranged widely throughout the river and into the ocean, reducing the
likelihood of density effects, and increasing overall capacity. Density effects are more likely to
arise under current conditions, especially as hatchery programs are expanded in fragmented
habitats.

Chapter XIII. Pacific Lamprey

Pacific lamprey are native to the Columbia River Basin and are culturally important as food for
Native Americans. The abundance of Pacific lamprey in the Basin and along the Pacific coast has
declined greatly since 1970, creating important gaps in food webs. Pacific lamprey are both
prey and predators, and they are a source of marine-derived nutrients. Little is known about
the role that density plays in their population dynamics, but one laboratory study showed that
the growth of larval Pacific lamprey declines with density of conspecifics when food is held
constant. Moreover, an observed relationship between larval density and redd density suggests
density dependent survival or dispersal in tributaries to the Willamette River.

The life history of the Pacific lamprey is very similar to that of the sea lamprey, which caused
significant declines to commercial fisheries when it invaded the Great Lakes. Understanding
density dependent factors that control sea lamprey abundance has been widely studied, and
investigations have demonstrated compensation in both growth and survival. An age-structured
model was recently developed with data from 75 areas in the Great Lakes during 1993 to 2011
to investigate stock-recruitment, spatial recruitment patterns, natural mortality, mortality from
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chemical control treatments, and larval metamorphosis. This and other models could perhaps
be adapted to explore density dependence in Pacific lamprey given their similar life history.

Chapter XIV. ISAB Recommendations, Part 2

The Council’s Fish and Wildlife Program recognizes the importance of all native resident fish
and other freshwater species in maintaining ecosystem diversity and function, as well as
contributing to the Basin’s culture. The following recommendations list ways to consider and
account for density dependence when planning and evaluating habitat restoration actions,
developing quantitative objectives for the Basin’s non-anadromous salmonids (trout, charr and
kokanee), sturgeon, and lamprey, and improving the research plan of the Council’s Program.
These recommendations also generally apply to other efforts (e.g., biological opinions and tribal
programs) attempting to mitigate impacts from the 4Hs (hydro, habitat, harvest, and
hatcheries). Due to differences in life history and ecology, sampling constraints, and a focus on
conservation and/or sport fishing for non-anadromous salmonids, sturgeon, and lamprey as
compared to anadromous salmonids (Part 1), there are different issues related to density
dependence for these species. Overall, there is a dearth of information on density dependence
effects for nearly all resident (non-anadromous) fishes in the Basin. The ISAB encourages the
Council to continue to support a basic understanding of factors affecting the productivity and
carrying capacity for these ecologically and culturally important species.

Non-anadromous salmonids

Density dependent issues for non-anadromous salmonids include effects of habitat restoration,
stocking of hatchery trout, and invasions by non-native species on carrying capacity, and
whether restricting angling can allow populations to rebound and reach recovery or sport
fishing goals. Accounting for density dependence helps determine realistic abundance
objectives for the Fish and Wildlife Program’s non-anadromous salmonid strategy. Therefore, it
is important to consider the following in developing restoration actions for the Program as well
as for other regional efforts:

e Consider that in-stream habitat restoration is most likely to increase carrying capacity
by reducing compensatory mortality and emigration. The postulated mechanisms are
related to increasing survival and decreasing emigration, rather than by affecting
growth, fecundity, or immigration. Evidence from across many regions shows that
increases can occur, but the true effects on survival and emigration occur at the
riverscape scale and remain difficult to quantify.

e Restore riparian vegetation to increase the input of terrestrial invertebrates, which
can improve growth and abundance and decrease emigration of salmonids.

e Consider carefully the stocking of hatchery trout to avoid reducing carrying capacity
for wild non-anadromous salmonids. An investigation of stocking sterile hatchery
rainbow trout did not detect effects on growth, survival, or recruitment, but this
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depends on characteristics of the hatchery fish (e.g., degree of domestication), as well
as when, where, and how many are stocked. Hatchery fish can also transfer diseases or
parasites, and non-sterile ones can hybridize with natural-origin fish, so precautions
against these effects are also warranted.

Take steps to prevent invasions by non-native trout, which can often replace native
salmonids quickly (i.e., usurping carrying capacity), achieve higher density and biomass
when they do replace them, and have ecosystem-scale effects on emerging insects that
are key food resources for other wildlife. Removing non-native trout above barriers
allows native salmonid populations to rebound to their former carrying capacity, and in
relatively undisturbed watersheds without barriers, maintaining stronghold populations
of native salmonids at high density may help to prevent invasions by non-native trout.

Consider the use of angling regulations and fishery closures to achieve conservation
and sport fishing goals. Studies of bull trout populations show populations rebounding
from low abundance to achieve density goals for conservation, indicating that they were
far below carrying capacity and that angling mortality was partly additive to natural
mortality. Many populations of cutthroat and rainbow trout throughout the Rocky
Mountains also have rebounded when restrictive angling regulations were applied,
indicating that fishery management can be effective at increasing the density of resident
trout.

Ensure that fishery managers consider the probable effects of density on survival,
emigration, growth, and size/age at maturity. For example, kokanee populations can
crash due to food limitation following overstocking with kokanee fry. In the absence of
detailed data for stock assessment, managers should use their knowledge of limiting
factors and fishery management principles to target intermediate densities, rather than
seeking the ecologically unrealistic goal of a higher abundance of larger fish.

Sturgeon

The Council recognizes that sturgeon migration, distribution, abundance and productivity are
severely limited by habitat changes, particularly those associated with hydropower system
construction and operation. Further, habitat carrying capacities for impounded white sturgeon
sub-populations are currently much lower than for the unimpounded, anadromous population
downstream of Bonneville Dam. Specifically:

Ensure that white sturgeon stocking programs do not cause significant reductions in
growth and survival of sturgeon during each life stage. New sturgeon hatchery
programs are being planned and built in the Basin. Hatchery production should be
consistent with the capacity of the habitat to support sturgeon at all life stages.
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Lamprey

Pacific lamprey populations in the Columbia Basin have declined sharply in the past 40 years.
Despite the fact that this species is a key component of the Columbia Basin food web as both
prey (e.g., for pinnipeds) and predator, virtually nothing is known about density effects on their
abundance and growth. Therefore, the ISAB recommends:

e Initiate a concerted effort to gather information that would help the recovery of this
species. Toward that end, research in the Great Lakes has documented significant
density dependent effects for populations of sea lamprey, which is related to the Pacific
lamprey. These sea lamprey studies might provide a template for developing a similar
understanding of Pacific lamprey.

e Consider lessons learned about supplementation and density dependence in
anadromous salmonids when planning future actions to propagate and translocate
(i.e., supplement) lamprey within the Basin. While the ecological lessons might not be
directly transferrable, they can be used to guide management and restoration actions.

Appendix I. How to Measure Density Dependence: Study Design and Analysis

Appendix | to the main report briefly describes a variety of statistical approaches developed to
detect and evaluate density dependence. It also compares two commonly used recruitment
models, and examines how errors in measuring the spawning population and/or the number of
recruits can have important consequences for evaluating compensation and for setting
biological targets and harvest policy. This appendix is provided to help salmon managers and
restoration teams incorporate density dependence into their evaluations of population status
and restoration effectiveness.

The Ricker model and the Beverton-Holt recruitment models differ importantly in their
predictions about maximum equilibrium abundance. In the Beverton-Holt curve, recruitment
reaches a plateau at high spawning abundances. In the Ricker curve, recruitment increases to a
maximum but then declines as the number of parent spawners increases beyond the carrying
capacity, a property called overcompensation.

This difference between the two models at high spawner abundances has important
implications for managing salmon populations, especially when the populations are being
supplemented with hatchery fish. For a population best described by the Beverton-Holt curve,
excessive spawning density has no adverse consequences other than lost harvest opportunities
during the year of return. However, for a population best described by the Ricker curve,
excessive spawning density will, on average, reduce recruitment in the next generation, in
addition to the lost opportunity for harvest in the year of the large return.
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Appendix II. Density Effects during Spawning and Incubation

Appendix Il to the main report provides a detailed review of the ways that spawning site
selection is constrained by physical habitat, homing behavior, and seasonal temperature
requirements such that competition for spawning locations and mates can be intense even at
seemingly low population abundances. Compensation can occur when high spawning densities
cause fish to disperse into other areas with less favorable spawning habitat, or lead to
increased rates of egg retention due to incomplete spawning, or increased redd
superimposition and subsequent destruction of previously deposited eggs. Even when redd
superimposition does not destroy eggs directly, it can lead to intense scramble competition for
dissolved oxygen during incubation. Depensation might also occur at very low spawning
densities in cases where intermediate spawning densities help to “condition the environment”
by digging and cleaning the gravel which improves hyporheic flow and dissolved oxygen levels.

Experimental investigation of factors affecting egg-to-fry survival in spawning channels
indicates that Chinook salmon are more sensitive to density effects than chum salmon. Chum
salmon often spawn in dense aggregations and may be better adapted to high spawning
densities. This observation helps explain why strong density effects are evident in some
Chinook populations despite their relatively low abundance and suggests that density
dependence in Chinook may occur throughout spawning and incubation as well as during
juvenile rearing.

Appendix III. Summary Table of Density Effects in the Columbia River Basin for
Anadromous Salmonids

Appendix Il identifies each of the anadromous salmonid density studies described in the main
report. The table shows the salmonid population or group of populations that were
investigated, life stage, years of investigation, the density effect, and whether or not the
capacity was met or exceeded in some years.
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PART I: Anadromous Salmonids

I. Introduction

Natural origin salmon and steelhead are
much less abundant in the Columbia River
Basin today than prior to Euro-American
expansion in the mid-1800s (Chapman
1986, NPCC 2014). The low numbers and
other factors led to concerns about
population viability of most natural
populations, many of which are now
protected under the Endangered Species
Act (ESA).? Biologists investigating the
status of these populations in the 1990s and
earlier considered abundance to be so low
that concerns about competition for limited
resources such as food, rearing habitat, and
spawning habitat were a low priority (PFMC
1979; Cuenco et al. 1993; Cuenco 1994;
Kareiva et al. 2000; Achord et al. 2003;
McClure et al. 2003; Walters et al. 2013a)—
despite the severely degraded quality of
habitat. Based on that view, population
recovery of the ESA-listed populations
would not be constrained by density
dependent interactions influencing survival,
growth, and other population
characteristics.

The reality, however, may be quite
different. For example, biologists are
observing unexpectedly strong evidence of
density dependent reduction in productivity
of spring/summer Chinook salmon
populations in the Snake River Basin even at
low abundances (Figure I.1). In this case,
productivity measured as smolts produced
per spawner is high (300 to 400 smolts per

2 www.nmfs.noaa.gov/pr/species/esa/

female) at low parent spawning abundances
(~3,000 females), but lower than expected
(only 75-150 smolts per female) at modestly
higher spawner abundances (~10,000
females; Zabel et al. 2006, Kennedy et al.
2013). These spawner abundances are
much lower than the reported 1.5 million
adult spring/summer Chinook returning to
this region during the late 1800s or 100,000
Chinook in the 1950s (Matthews and
Waples 1991, Walters et al. 2013a). This
productivity response to Chinook
abundance could reflect, for instance,
competition for limited space on the
spawning grounds, for rearing habitat, or
for food. However, the additional evidence
that Chinook smolt size declines with
greater juvenile abundance strongly
suggests that food availability is limiting
growth even at these low abundances
(Crozier et al. 2010, Walters et al. 2013a). In
this example, increasing natural spawners
from 20,000 to 50,000 adult females in the
Snake River Basin has not produced
additional smolts, which indicates that the
current average capacity or upper limit of
juvenile abundance is approximately

1.6 million smolts—considerably lower than
the 2-4 million smolts produced in the
1960s (Raymond 1979; Figure I.1A). In
short, density effects on smolt production
are now strongly evident at spawning
abundances that are low relative to
historical levels, implying that existing
freshwater habitat is constraining the
maximum sustainable size of the
population.
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The importance of density dependence in
the Columbia Basin is further highlighted in
the 2014 supplemental Biological Opinion
(BiOp) for the operation of the Federal
Columbia River Power System (FCRPS;
NOAA Fisheries 2014). The BiOp states that
while abundances of Chinook and steelhead
had increased in recent years, their
productivity (adult return per spawner) had
declined. Analysis of 27 spring/summer
Chinook populations in the Upper Columbia
and Snake River basins and 20 interior
Columbia steelhead populations indicated
that the productivity of most populations
was inversely related to parent spawning
abundances and consistent with the
hypothesis of density dependence. The
relatively low productivity estimates for
some recent years can be largely explained
by the increase in parent spawning
densities. Furthermore, the capacity of
some watersheds to support salmon or
steelhead was exceeded at relatively low
abundances, as indicated by recruitment
that, in most years, was less than the parent
spawning abundance. Zabel and Cooney
(2013 in NOAA Fisheries 2014) concluded
that there is no reason to infer that intrinsic
productivity (measured at very low

abundance) is continuing to decline.
Collectively, these and other lines of
evidence led the ISAB and several regional
scientists and managers to raise concerns
that density effects may be stronger and
more widespread than previously thought.

Understanding density dependence is vitally
important for estimating the carrying
capacity of populations and for effective
implementation of the NPPC’s Fish and
Wildlife Program. Evidence of strong
density dependence at abundances lower
than historical levels suggests that carrying
capacity has been reduced. Density
dependence, as shown in Figure .1, is also
critical for enhancing the stability of natural
populations. Understanding the
mechanisms causing density dependence—
such as limited food supply, rearing habitat
or spawning habitat, or predator-prey
interactions—can help to guide habitat
restoration and population recovery actions
(ISAB 2011-1, ISRP 2011-14, ISRP 2013-11).
Density dependent relationships are central
to the development of spawning
escapement goals that contribute to
sustainable populations and fisheries
(Hilborn and Walters 1992).
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Figure I.1. Example of density dependence among spring/summer Chinook salmon in the Snake
River Basin, brood years 1990-2010. A) Numbers of natural smolts produced by female
spawners increased with greater parent spawners when spawners are less than 10,000 females,
but reached maximum abundance of approximately 1.6 million smolts when spawners
exceeded ~20,000 females. Additional spawners beyond ~20,000 females did not lead to
greater smolt production. B) Productivity (smolts per spawner) declined rapidly as spawners
increased from 500 to 10,000 females. Smolts were enumerated at Lower Granite Dam and a
Beverton-Holt stock recruitment model was fit to data, as shown by the curved line in panel A.
This stock recruitment model was used to estimate maximum smolt production (~1.6 million
smolts) and intrinsic productivity at low spawner abundance (~389 smolts per spawner). Annual
variability in productivity not associated with density is reflected by the scatter of values about
the fitted curve. Smolt production in the 1960s was approximately 2-4 million. Source:
Raymond (1979), Petrosky et al. (2001), Zabel et al. (2006), Kennedy et al. (2013), T. Copeland,

IDFG, personal communication.
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In March 2014, representatives from the
Northwest Power and Conservation Council
(NPCC), NOAA Fisheries, and Columbia
Basin tribes approved the Independent
Scientific Advisory Board (ISAB) to review
the implications of density dependence in
fish populations in the Columbia River
Basin. The ISAB was asked to address the
following questions related to density
dependence:

e What is density dependence and why is
it important?

e Why is density dependence more
evident than expected at current
relatively low abundances?

e Where—and at what life stages—has
density dependence been detected in
the Basin?

e How can density dependent limitations
be ameliorated as a means to enhance
population rebuilding and recovery?

e How can we detect and diagnose
density dependent limiting factors?

We examine how population densities
within the overall fish community influence
the ability of watersheds to support key fish
species in the Basin (Figure 1.2) including
anadromous salmonids (Part I) and non-
anadromous salmonids, sturgeon and
lamprey (Part Il). The report is organized
around the following topics:

e The importance of density dependence
in regulating and managing fish
populations.

* Pre-development (~*mid-1800s)
estimates of salmonid abundance in the
Columbia Basin as an indicator of the
Basin’s potential capacity.

e Novel ecosystem and life history
diversity effects on the productivity and
capacity of the Basin to support existing
and future salmonid populations.

e Evidence of density dependent and
density independent effects on life
stages of anadromous and resident
salmonids, lamprey, and sturgeon.

e Use of density dependence information
for enhancing population management
and recovery efforts, and improving
restoration efficiency.

It is important to recognize that current
ecosystem conditions determine the
strength of density dependence
experienced by a population. Changes in
ecosystem-scale characteristics and
processes can alter a population’s intrinsic
productivity and carrying capacity. Similarly,
a stock recruitment model reflects current
ecosystem conditions from the perspective
of the modeled population—it does not
however reflect the vitally important,
longer-term roles of populations in shaping
ecosystem characteristics through various
activities (e.g., sorting streambed gravels,
delivering nutrients). Population
abundance, whether too low or too high
from a fisheries management perspective,
has long-term ecosystem-scale
consequences that cannot be fully
appreciated when only short-term
population-scale actions are implemented.
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Figure I.2. Columbia River Basin locations of within-population studies of density dependence
examined in this report. These studies describe intraspecific competition by life stage. The
numeric values show the number of unique studies at that location. See Chapter V for
description of these and related studies of density dependence. Map produced by Brett
Holycross and Van C. Hare, Pacific States Marine Fisheries Commission.
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II. What is density dependence and why is it important?

Density dependence occurs when a change
in fish density causes a change in the
growth rate of a population by affecting
one or more of the vital rates (birth rate,
death rate, immigration, or emigration;
Turchin 2003; Hixon and Johnson 2009).
Density dependence can also cause changes
in the growth, survival, or fecundity of
individual fish, which in turn affect vital
rates. Populations are regulated by density
dependence if population growth slows as
density increases, and, in turn, increases at
lower densities.

Density dependence can be of two types.
The most common is direct density
dependence (also termed compensatory,
used hereafter in this document) where
birth rate declines and death rate increases
as density increases, driving population
growth rate down (Hixon and Johnson
2009, see Herrando-Pérez et al. 2012b for
more on terminology). Compensatory
density dependence is most often caused
by limitations in resources, principally food
or habitat, which determine the carrying
capacity. For example, if the density of age-
0 coho salmon in the fall exceeds the
carrying capacity set by overwinter habitat,
survival will be lower than it would have
been at lower densities. Overall, a relatively
fixed number of fish will survive until spring,
regardless of initial high density, owing to
limited habitat.

Less common is inverse density dependence
(depensatory hereafter; Neave 1953),
where birth rates decrease and death rates
increase at low densities instead of the
opposite effects that are expected. For
example, depensatory density dependence
can occur when avian predators kill a fixed

number of out-migrating smolts, so that the
mortality rate is higher when fewer fish are
present. If predators can kill 1,000 smolts,
then the mortality rate will be only 1% if
100,000 smolts migrate but will climb to
50% if only 2,000 smolts migrate. In another
case, if fish are rare (e.g., mature
endangered sturgeon), then they may have
difficulty finding suitable mates, driving the
birth rate down at low densities.

If population or individual vital rates are
primarily affected by factors other than
density, at least over a certain range of
densities, then this is termed density
independence. Density independence can
occur over a range of intermediate densities
where fish are not significantly limited by
available resources. It can also be prevalent
in harsh environments where survival is
limited by physical constraints such as
extreme flows or unsuitable temperatures
rather than resources such as food or
habitat. Constant “recruitment” of juvenile
fish as adult spawner density increases is
sometimes mistakenly referred to as
density independence. However, constant
recruitment can occur only if survival
decreases as more young fish are produced,
which is a compensatory response (Hilborn
and Walters 1992).

A. Mechanisms causing density
dependence

In a “closed” fish population with little
immigration or emigration, such as in a lake
with no inlet tributaries or outlet,
compensatory density dependence that
tends to regulate the population can occur
because either birth rate declines as density
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increases, death rate increases, or both.
However, most populations are open to
immigration and emigration, so an increase
in emigration from habitats with high
density and a consequent increase in
immigration into habitats with lower
density are also compensatory responses.
Overall, changes in these population vital
rates are the ultimate mechanisms by which
density dependence occurs.

Proximate mechanisms causing birth rates
to decrease and death rates to increase at
high density include competition for limited
resources such as food, and space for
rearing, overwintering, refuge from
predation, or spawning. In some cases
death rates from predation, parasitism and
disease also increase at higher density, and
so these factors also can be proximate
mechanisms causing compensatory density
dependence. Investigators found evidence
of compensation in nearly 80% of density-
manipulation experiments involving a broad
range of vertebrates and invertebrates
(Harrison and Cappuccino 1995). Evidence
for compensation was found in 80-90% of
studies that tested for either scramble
(exploitative) or contest (interference)
competition, versus only about 40% in
studies examining effects from predators,
parasites, or diseases. In fishes as a group,
competition for resources may often be the
most prevalent mechanism driving density
dependence.

In most situations, a combination of density
dependent and density independent factors
may be needed to fully explain population
dynamics (Hixon et al. 2002). For example,
even though birth and death rates may
compensate for changing density, strong
density independent factors like floods or
droughts may overwhelm compensatory

responses and drive populations extinct. In
addition, density dependent and density
independent factors may interact. For
example, harsh flooding, a density
independent factor, can lower population
abundance, thereby reducing competition
for resources and subsequent density
dependent effects (McFadden 1969, Einum
2005).

The current consensus among population
ecologists is that both density dependent
and density independent mechanisms
operate, but that density dependence is
necessary at some times and places for
populations to persist (Hixon and Johnson
2009). For example, Brook and Bradshaw
(2006) analyzed time series of population
data for 1,198 species of plants and
animals, and found that density
dependence is a pervasive feature of
population dynamics for most species and
across taxonomic groups, including fish.
Evidence for density dependence also
increased with more years of data, which
increased the chance that high and low
densities occurred; such contrast is needed
to detect density dependent changes in
vital rates.

Density dependence is a necessary
condition for population regulation but may
not be sufficient if strong effects on some
vital rates are counteracted by weak effects
on others. Population regulation results
only when the net effect of density on all
vital rates causes compensation. Herrando-
Perez et al. (2012a) found that density
dependence in vital rates like fecundity and
survival was common in long-term data sets
for 109 bird and mammal populations but
explained little variation in the strength of
density dependence for the overall
(ensemble) population growth rate. Hence,
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models that consider the entire life cycle,
such as the stock-recruitment models
described below, and also include dispersal,
will be required to include important
tradeoffs among vital rates and assess the
overall importance of density dependence
on population growth rate.

B. Implications of Compensation
for Fisheries Management

Compensatory density dependence helps to
stabilize populations affected by
anthropogenic actions that remove some
portion of the population. Stabilization
occurs because a decline in population
abundance is offset by an increase in
productivity at lower abundance that tends
to restore the population to some higher
equilibrium level. Compensatory density
dependence is highly important to fisheries
management and sustainability (Rose et al.
2001). This process underpins the concept
of sustainable yield in fisheries because
growth and survival are reduced at higher
densities, such that removal of fish in
fisheries is compensated by faster growth
and higher survival. Thus, removing fish
from an abundant population can increase
rather than decrease total production in the
next generation.

1. Recruitment Curves

Recruitment (or reproduction) curves are
commonly used to describe and quantify
compensation in a managed fish population
and to develop biologically based spawning
goals. Salmon recruitment curves typically
describe the relationship between parent
spawners and the expected number of
progeny successfully returning to spawn.
Recruitment curves may also be developed
for each life stage, as shown in Figure I.1.

For species with a more complex life
history, such as Chinook salmon, a “brood
table” is typically maintained and used to
develop the recruitment curve. A brood
table shows the annual abundance of the
parent spawning population (escapement
from the fishery) and the number and sex of
returning progeny at each age class. To
obtain this information, salmon in the
annual run must be enumerated by age
(e.g., with scales or otoliths), then assigned
to the proper parent spawning year (i.e.,
brood year). This fishery management
activity is fundamental for developing
recruitment curves, which can then be used
to determine intrinsic productivity and the
maximum equilibrium abundance
(population carrying capacity) in existing
habitat.

Two common recruitment models for
salmon are the Ricker model and Beverton-
Holt model (Figure I1.1), which are named
after the fishery scientists that developed
them (Ricker 1954, Beverton and Holt
1957). In both models, salmon recruitment
increases as the number of parent
spawners increases (Figure I.1a) but the
rate of population growth (i.e., productivity,
measured as recruits per spawner) declines
(Figure 11.1b). The Beverton-Holt (BH) and
Ricker (R) models are described by the
following relationships:

*

S a
Beverton-Holt: R = =

a+ﬁS 1+ﬁ*5

Ricker: R = Se*Ps

where, R is the number of recruits produced
(on average) from S spawners. In both
models, the & parameter refers to the
maximum (intrinsic) productivity at low
spawner numbers (i.e., survival
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undiminished by the effect of density), and return is determined by f# in the BH model,

the A parameter determines how large the but by both @ and # in the Ricker model.
population would be at equilibrium in the Appendix | provides information on fitting
absence of fishing. Maximum sustainable these two models to population data.
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Figure 1l.1. Beverton-Holt and Ricker recruitment functions plotted as A) recruits versus parent
spawners, and B) the corresponding productivity in recruits per spawner (R/S) versus spawners.
Populations described by these models have the highest productivity (R/S) at small population
size, thereby promoting population stability and resilience. Depensation, in which productivity
decreases rather than increases as spawners decrease, is also shown. Depensation can inhibit
stability in a declining population.
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In practice, there is considerable variability
in the number of recruits from a given
parent spawning population due to density
independent environmental factors. Errors
in measuring both the spawning population
and the number of recruits have important
consequences for evaluating the magnitude
of density dependence and for setting
harvest policy (escapement goals or harvest
rates). Measurement error may inhibit
detection of density dependence, leading to
overestimation of productivity and
unsustainable harvest rates (Hilborn and
Walters 1992). Potential bias caused by
measurement error is reduced if the data
span a wide range in spawning levels.

Stock-recruitment relationships for a
salmon stock, whether with Ricker or
Beverton-Holt models fit to the data, are
often used by harvest managers to quantify
salmon spawning levels leading to
maximum sustainable yield (MSY), i.e.,
biologically based escapement goals. We
provide a graphic representation of how
these goals are set using the Ricker model,
which has mathematical qualities that
facilitate quantification of important
metrics such as MSY escapement (Smsy)
(Hilborn and Walters 1992). The difference
between the number of recruits (point A on
Figure 11.2) and the “replacement line,”
where the number of recruits equals the
number of parent spawners (point B),
identifies the surplus production available
for harvest by a fishery or for consumption
by other predators while maintaining
spawning abundance at B. MSY occurs at
the parent spawning abundance (point C)
that maximizes the difference between
point A and point B. Maximum recruitment
that might be targeted—if the policy is to
maximize food and nutrient production
(including spent carcasses) for the

freshwater ecosystem, riparian trees, and
wildlife—occurs at a slightly greater parent
spawning abundance (point D). Intrinsic
product/'vity3 () occurs near the origin
where few parent spawners are present.
Overcompensation, in which recruits decline
with greater parent spawning abundance in
the Ricker model (but not the BH model),
begins immediately beyond the spawning
level leading to maximum return.
Equilibrium of the population (in the
absence of fishing) occurs at the
intersection of the recruitment curve and
the replacement line, where the number of
recruits (in this case adult salmon produced
from the original spawners) equals the
number of adults that produced them.

* Hilborn and Walters (1992) note that when there is
no density dependence, intrinsic productivity equals
eggs per spawner times the survival rate through all
life stages.
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Figure I1.2. Ricker recruitment curve showing the principal characteristics used to manage
salmon fisheries. Maximum sustained yield (MSY) occurs at the parent spawner level (C) that
maximizes the difference between adult recruits (A) and the replacement line where recruits
equal parent spawners (B). Maximum adult return occurs at slightly higher spawning levels (D),
but recruits may decline thereafter with greater number of spawners (overcompensation).
Similar curves may be developed for recruitment of juveniles such as smolts (Figure 1.1).

2. Ricker versus Beverton-Holt
Recruitment

The Ricker (R) and Beverton-Holt (BH)
models have important differences at high
population abundances. The BH curve
reaches a plateau at high spawning
abundances such that recruits do not
markedly increase or decline with greater
abundance of spawners (i.e., the carrying
capacity has been reached). In contrast, the
Ricker curve is dome-shaped and recruits
decline as the number of parent spawners
increase beyond the level producing
maximum return.

This difference between the two models at
high spawner abundances has important
implications for managing salmon
populations, especially when the

populations are being supplemented with
hatchery fish. If the dynamics of a
population follows the BH curve, then
excessive spawning density has no adverse
consequences other than lost harvest
opportunities during the year of return.
Furthermore, it might be beneficial to err
on the side of more abundance if there is
uncertainty in the level of spawning
escapement that leads to maximum return
or harvest or if there is a desire to provide
ecosystem benefits. However, excessive
spawning density in a population best
described by a Ricker curve will reduce
recruitment, on average, in the next
generation, and will also result in lost
harvest opportunity in the year of the large
return. A natural-origin salmon population
would eventually recover from
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overcompensation, as defined by the Ricker
recruitment curve. However, programs
working with supplemented populations
should be careful not to reach the
overcompensation zone because future
abundances and productivity of the natural
spawning stock would remain depressed
until the total population was managed
within the capacity of the watershed.

Overcompensation is not frequently
observed in natural-origin salmon
populations because fisheries typically
prevent large escapements of spawning
salmon (Walters et al. 2004). Furthermore,
other factors not associated with density
cause considerable annual variability in the
recruitment of progeny from the parent
population, so it is often difficult to judge
whether the population exhibits
overcompensation at high spawning levels
or simply reaches a plateau in recruits. Even
so, significant overcompensation has been
observed in some populations. In Bristol
Bay Alaska, restricted fishing to protect the
weak Kvichak sockeye stock in 2004 and
2005 led to a ~10-fold increase in sockeye
spawning escapement in the adjacent
Alagnak River (4.2 to 5.4 million spawners),
which resulted in a 23-44% decrease in
potential egg deposition and 25% decline in
adult progeny relative to the previous 10
years (Quinn et al. 2007; Ruggerone
unpublished analysis of adult returns). In
Southeast Alaska, large spawning
escapements of natural-origin pink salmon
have periodically caused significant pre-
spawning mortality of adult pink, chum, and
coho salmon, and juvenile coho salmon
(Figure 11.3; Shaul et al. 2014). In western
Kamchatka Russia, a spawning escapement
of 110 million pink salmon in 1983 led to
the collapse of the odd-year line of pink
salmon (Ruggerone and Nielsen 2009).

Walters et al. (2004) concluded that there
was no evidence that high spawning
escapements of sockeye salmon in the
Fraser River watershed would cause a
population collapse, but they did provide
evidence of overcompensation.

Overcompensation is most likely to be
observed in large populations of pink,
sockeye, and chum salmon that aggregate
in spawning habitats that are spatially
limited relative to rearing habitats (lakes or
the ocean; Quinn 2005). Less abundant
species—such as Chinook, coho and
steelhead—typically exhibit much lower
spawning densities. Competition within less
abundant species is more likely during
juvenile residence in freshwater rather than
on the spawning grounds (Chapman 1966).
Even so, Chapman (1986) reported
overcompensation when examining
recruitment of Chinook salmon in the
Columbia Basin, but the life stage of this
effect was not identified. Most recruitment
curves developed for Chinook populations
in North America, including the Columbia,
have relied upon the Ricker model that
incorporates overcompensation rather than
Beverton-Holt model (Chinook Technical
Committee 1999).

The Ricker and Beverton-Holt models also
have important differences at low spawning
levels. The BH model tends to estimate a
higher intrinsic productivity (a) than the
Ricker model, leading to higher estimates of
optimal harvest rate, which depends solely
on the productivity parameter (Hilborn and
Walters 1992). Thus, some fishery scientists
have recommended the use of the Ricker
model when setting conservative harvest
policies even if the dome-shaped curve is
not apparent (Walters and Martell 2004).
Harvest policies may also consider whether
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or not overcompensation is likely to be true in complex ecosystems. Walters and

present in the population. Korman (1999) have shown that a wide
range of different behavioral ecologies at

The theoretical derivations of the Ricker very fine scales can give rise to a BH

and Beverton-Holt models are compared in relationship at many different scales.

Appendix 1 and described in greater detail Consequently, the BH or Ricker curves

elsewhere (e.g., Hilborn and Walters 1992). should be considered as empirical

These derivations make very simplistic relationships that provide a convenient

assumptions about the base causes of summary of density dependence.

density dependence that are unlikely to be

Figure II.3. Prespawning mortality of pink salmon in
a Southeast Alaska stream following the record
harvest in 2013 (95 million pink salmon). Dead
juvenile coho are also shown. Mortality was caused
by high pink salmon density and the resulting low
oxygen level, which was exacerbated by low river
flow and high water temperature (Shaul et al.
2014). Massive prespawning mortality can cause
overcompensation as described by the Ricker
curve. Photos provided by A. Hemenway and L.
Shaul, Alaska Dept. Fish and Game, Juneau.

3. Mechanisms Leading to salmon are often cited as mechanisms.

Overcompensation Cannibalism is not common in semelparous
salmon, but iteroparous trout may

Several mechanisms may lead to declining cannibalize their eggs and young,

recruitment at high parent stock density, potentially leading to overcompensation

and produce the overcompensation portion (Ricker 1954). Disease associated with high

of the Ricker curve. Cannibalism, disease, spawning densities and redd

and physical disturbance by later-spawning
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superimposition (later-spawning salmon
digging up eggs laid by earlier spawners) are
likely sources of mortality that can impact a
large percentage of the progeny. Likewise
numerous eggs in the gravel or spawners in
the river may lead to high consumption of
oxygen and insufficient oxygen for all eggs
or fish (Heard 1978, Quinn et al. 2007, Shaul
et al. 2014). Most mechanisms leading to
overcompensation involve the parent
spawning population. However, it is
conceivable that depletion of prey
resources by high abundances of juvenile
salmon could cause overcompensation if a
large fraction of the population was unable
to reach some size threshold necessary to
survive over winter (Edmundson et al.
2003).

4. Brood Interaction

Recruitment curves involve the relationship
between recruits and parent abundance,
but interactions between cohorts are often
not considered among Pacific salmonids
because they are anadromous and
semelparous (except steelhead).
Nevertheless, there is some evidence of
“brood interaction” also known as “delayed
density dependence.” Brood interaction can
be adverse. For example, a large year-class
of juvenile sockeye salmon may deplete
zooplankton prey so severely that it takes
several years to recover, during which time
the growth and survival of subsequent
salmon broods will be adversely affected; or
conversely, the large year-class may
generate a lingering predator population.
Alternatively, brood interaction might be
beneficial, resulting from a long-lasting
addition of salmon-derived nutrients
produced by a large number of parent
spawners.

Evidence from Alaskan sockeye populations
suggests overgrazing of zooplankton prey
by a large brood can adversely affect
growth and survival of subsequent broods
(Eggers and Rogers 1987, Ruggerone and
Rogers 2003, Edmundson et al. 2003),
whereas Myers et al. (1997) concluded that
this interaction was mild for a number of
sockeye populations. Detection of brood
interaction is dependent on periodic high
abundances of salmon. We are not aware of
brood interaction involving other species of
salmon, although it has been implicated in
the maintenance of the odd/even-year lines
of pink salmon, and it has been observed in
resident trout (White and Hunt 1969,
Latterell et al. 1998).

5. Climate and Recruitment
Stationarity

Climate shifts (and other habitat-related
shifts) can cause a significant change in the
intrinsic productivity of salmon populations
spanning a broad area and it is important to
account for major environmental
disturbances or shifts when evaluating
stock-recruitment relationships (Buhle et al.
2009, Dorner et al. 2013). An example of
Ricker recruitment curves fit to the same
sockeye population during two different
periods of production reveals how density
dependent relationships can change (Figure
11.4). Standardized productivity since 1922
(measured here as the residual from the
long-term recruitment relationship) was
typically high during warm phases of the
Pacific Decadal Oscillation (PDO)* but low
during the mid-1900s when the PDO was
typically negative, leading to the
development of two distinct recruitment

4 http://jisao.washington.edu/pdo/

ISAB Density Dependence Report]35



relationships. The data suggest a change in
both intrinsic productivity and capacity of
this sockeye population, likely in response
to large-scale climate factors, which in turn
influenced levels of sustainable harvest.

These data also show how annual variability
in recruitment tends to obscure the effect
of density, yet despite the variability,
overcompensation is evident at high
spawner abundance (Figure 11.4).

3000
e High production period
2
e O Low production period
°
@ 2000
8 ° & Replacement
=
g 1500 g N
'S s = -
g
o« (

|
0 300 600
Parent spawners (1,000s)

T T
900 1200 1500

Figure 1.4. An example of two Ricker recruitment relationships characterizing a single sockeye
salmon population (Chignik Lake, Alaska) in two different periods of productivity during the
past 74 years. Long periods of similar productivity were determined by examining the residuals
from the recruitment curve spanning the entire period (not shown), brood years 1922-1996.
Two extended periods of high production and one extended period of low production generally
corresponded with shifts in the Pacific Decadal Oscillation. The recruitment relationships
suggest that both intrinsic productivity and capacity changed in response to climate shifts.
Values based on age-specific catch (fish scale evaluations) and spawning escapement (weir

counts). Source: Ruggerone (2003).

C. Implications of Depensation

Depensatory density dependence, in which
the percentage of a population lost to
mortality increases as population size

decreases, is less commonly observed in
fish populations than compensatory density
dependence (Myers et al. 1995, Liermann
and Hilborn 2001, Hilborn et al. 2014).
There are relatively few observations of
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depensation because populations typically
do not decline to unusually low levels and
because environmental and demographic
stochasticity inhibit detection of underlying
population dynamics over time (Liermann
and Hilborn 2001). Predators often cause
depensatory mortality at some life stages,
but this effect tends to be overwhelmed by
compensatory processes during other life
stages. Nevertheless, Liermann and Hilborn
(2001) conclude that depensatory mortality
can have a profound influence on fish
populations and should be considered in
fisheries assessments.

Depensatory mortality is destabilizing and
can lead to extinction when low population
size is coupled with high environmental
variability (Peterman 1977). Declining
populations such as endangered salmonids
are especially vulnerable to depensatory
mortality because it may further accelerate
population decline and inhibit recovery.
Conversely, a recovering population may
grow more rapidly when subject to
depensatory versus compensatory
mortality, at least until compensation
becomes stronger at higher densities.

Among salmon, depensatory mortality is
sometimes caused by predators (Liermann
and Hilborn 2001), including fishermen

(Myers et al. 1995). In Bristol Bay, Alaska,
strong depensatory mortality was observed
in the mixed-stock fishery in which a
relatively high percentage of the Kvichak
sockeye run was harvested in mixed-stock
fisheries during years when the run was
weak (Eggers and Rogers 1987).
Conceivably, depleted salmon populations
may experience depensatory mortality in a
mixed-stock fishery that targets abundant
stocks while also removing a high
proportion of the depleted stock.

Depensatory fishing mortality was proposed
as an important contributor to the cyclic
nature of many sockeye populations in the
Fraser River (Walters and Staley 1987).
However, subsequent research revealed
that much of the apparent depensation was
measurement error associated with the bias
in overestimating catches of minor stocks
and supports the original hypothesis that
depensatory predation by rainbow trout
was the crucial factor (Cass and Wood 1994,
Ricker 1997). Additionally, inbreeding
depression and loss of life history diversity
at very low population size can reduce
intrinsic productivity, thereby creating a
depensatory effect that may erode and
eventually overwhelm normal
compensatory potential (McElhany et al.
2000).
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II1. Pre-development Capacity of the Columbia River Basin

A fundamental question when attempting
to manage and restore the Basin’s salmon
runs is “How many salmon and steelhead
can the Basin support now and in the future,
assuming restoration actions are effective?”
Contemporary abundances of adult
salmonids returning to the Columbia Basin
(hatchery plus natural fish) are known
(Figure 111.1), and there is information on
the current capacity and productivity of
salmon and steelhead in some watersheds
(e.g., Zabel and Cooney 2013; and Chapter
V). Current capacity for producing natural
salmon has been greatly reduced by dams,
other migration barriers, and broadly
degraded habitat (see Chapter IV). In
general, expectations for restored salmon
populations stem, in part, from pre-
development estimates of salmon
abundance and capacity (NPPC 1986).

This chapter reviews and refines estimates
of anadromous salmon and steelhead
abundance during the pre-development
period (prior to 1850). Current and widely
qguoted estimates of pre-development
abundance of salmonids are only rough
approximations based on several major
assumptions. Approaches previously used
to approximate pre-development
abundances of salmon include 1) expanded
commercial landings, 2) daily salmon
consumption by the Native American
population prior to 1800, 3) consideration
of ocean harvests of Chinook and coho
salmon, and 4) habitat-based estimates of
potential salmon production. Most pre-
development estimates of abundance
reportedly represent the period prior to
1850 when there was relatively little habitat
degradation (NPPC 1986), even though the
harvest-based values reflect the period of

large catch during 1880 to 1928. In this
Chapter, as a means to initially evaluate the
guestion posed in the Introduction, “Why is
density dependence more evident than
expected at low abundances?,” we
approximate and compare historical versus
contemporary estimates of adult salmon
abundance, extent of accessible river
habitat, and total smolt abundance.

A. Harvest-based Estimates of
Abundance

Most pre-development estimates are based
on early records of commercial harvests,
which began around 1861 (Thompson 1951)
and expanded rapidly thereafter (Figure
[11.1), and estimates of tribal consumption
per capita (Hewes 1947). Commercial catch
evaluation of the early developing fishery is
complicated because the fishery primarily
targeted highly prized and initially abundant
summer Chinook in June and July. Sockeye
salmon would have been captured with the
summer Chinook, but sockeye catch records
prior to 1889 are incomplete. The early
fishery (circa 1877) was initially closed by
regulation during March, April, and August,
the months when many of the spring and
fall Chinook returned (Wendler 1966).
Fisheries for fall and spring Chinook and
other species of salmon developed
following the overharvest and decline of
summer Chinook (Thompson 1951).
Spawning escapement estimates of upriver
populations became available in 1938 with
the construction of Bonneville Dam, which
facilitated estimates of minimum
abundances entering the Basin thereafter
(Figure 111.1). Prior to this, total abundance
(i.e., the sum of fish caught in the fishery
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plus those that escaped to spawn) was proportion of the run entering the

typically estimated from commercial catch Columbia River that was taken in the
and assumed harvest rates (i.e., the fishery).
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Figure Ill.1. Reported commercial catch of salmon and steelhead from 1866 to 1937 (no
escapement values) and total abundance (catch and escapement) of each species entering the
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Columbia River since 1938. Chapman’s (1986) estimated ranges for potential abundances
during the pre-development period are shown as gray boxes in each panel. The ISAB’s adjusted
range for all-species potential abundance is also shown (see text). Escapement was not
estimated prior to 1938 (vertical dash line). Values prior to 1938 were based on landed weight
and Chapman’s (1986) average fish size (Table Ill.1). Values include both hatchery and natural-
origin fish, which are not separately estimated in most years; see Figure IIl.2 for releases of
juvenile hatchery salmon since 1877. Values are unavailable for some species such as sockeye
prior to 1890, but Chapman’s (1986) extrapolation of peak sockeye catch in fish wheels during
1883-1887 is shown. Ocean harvests of Columbia-bound Chinook and coho include fisheries
from Alaska to California, based on coded-wire-tag recoveries from 1986-2010. Significant
ocean harvests of Chinook and coho have occurred from about 1910 to the present. In-river
abundances beginning in 1938 are considered minimum estimates because some spawning
escapements below Bonneville Dam and some sport harvests were not available. Primary
sources: Chapman (1986), WDFW/ODFW (2002), and A. Hagen-Breaux, WDFW, personal
communication regarding ocean harvests.
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Figure Ill.2. Annual releases of hatchery salmon and steelhead into the Columbia River Basin
from 1877 to 2010. Values include both subyearling and yearling releases, whose proportions
vary among species and from year to year within each species. Fish quality improved over time
as hatchery technology improved, especially after 1950. Data sources: Cobb 1931, Mahnken et
al. 1998, Fish Passage Center (http://www.fpc.org/).

ISAB Density Dependence Report| 40


http://www.fpc.org/

Chapman (1986) provides a detailed
analysis based on fishery science concepts
and approximates “potential” salmon
abundance in the Basin prior to significant
development. Chapman (1986) recognized
that salmon abundances fluctuated widely
over time, and his potential salmon
abundance estimates, which were based on
peak catches, were stated to overestimate
average abundances. His approach was to
select five-year periods that yielded the
largest commercial harvest for each species,
divide by 5 to obtain the average annual
catch during the peak five-year period
(hereafter called “peak five-year average
catch”) and then assume two harvest rates
to estimate “probable” and “high” values of
potential abundance (Table Ill.1). The peak
five-year average catches for individual
species summed to a total of 6.3 million
salmon and steelhead per year. It is
important to note, however, that the years
selected varied among species—a fact that
was not considered when estimating total
pre-development abundance for all species
combined. In contrast, the peak five-year
average for the reported catch of all species
during the same five-year period (1915-
1919) was only 2.9 million fish per year
(Figure 111.1). This value is much lower than
the sum of peak five-year average catches
for individual species from various five-year
periods (6.3 million). Chapman (1986)
estimated the peak five-year average catch
of sockeye during 1883-1887 from fish
wheel catch data, and that value greatly
exceeded any subsequent catch. If the peak
five-year average catch of sockeye is
combined with the peak five-year average
catch of Chinook during 1883-1887, then
the peak five-year average catch of both
species combined increases to 3.6 million
fish. Catches of other species were not
reported during 1883-1887. If we assume

that these unreported catches were similar
to those reported in subsequent years and
add in the mean annual catch of the other
salmon species, then the peak five-year
average catch of all species increases to 4.4
million>, still only 70% of the 6.3 million
value obtained by summing peak five-year
average catches for individual species in
various five-year periods. The key point
here is that the five-year period of peak
catch varies among species, therefore the
sum of the peak five-year average catches
for individual species derived from different
five-year periods greatly overestimates the
average catch of all salmon that can be
expected in any given five-year period.

Chapman (1986) argued that the large
harvest of fall Chinook salmon during 1915-
1919 (the largest harvest to date) was not
significantly influenced by habitat
degradation because fall Chinook typically
spawn in large rivers that had not yet been
degraded as had some tributaries.
However, we note that Swan Falls Dam was
built in the middle Snake River in 1901 with
poorly performing fish passage facilities,
leading to an estimated loss of 253 km of
Chinook spawning and rearing habitat

> Peak five-year average catch of all species occurred
during 1883-1887 due to the large Chinook catch
and Chapman’s (1986) approximation of sockeye
catch (1.9 million per year). Harvests of other
species, if any, were not reported at this time. To
account for these other species, we included the
average reported catch during the most recent five-
year period of each species with the 1883-1887
reported catch. This adjustment increased average
catch from 3 million to 4.4 million fish. After this
early period, the maximum one-year catch was only
3.1 million (1918) and the peak five-year average
catch was only 2.7 million fish (1915-1919) (see
Figure Il.1). These harvests corresponded with
World War | when demand was high.
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below Shoshone Falls (Dauble et al. 2003,
Schuck 2014). Harvests prior to the mid-
1920s were largely driven by market
conditions in addition to abundance (C.
Smith, Oregon State University, personal

communication). For example, the high
catch of fall Chinook and chum during 1915-
1919 reflected high government market
demand for salmon during World War I.

Table IlI.1. Estimates of salmon and steelhead peak five-year average catch and total
abundance prior to development in the Basin (millions of fish). Chapman (1986) considered his
values to represent potential annual run size whereas NPPC (1986) considered its estimates to
represent average annual run size. Years of peak five-year or maximum one-year catch are
shown. Weights shown are those used by Chapman (1986), who obtained estimates of early
fish size. Chapman (1986) reportedly used a coho weight of 3.18 kg but his coho values indicate
he actually used 4 kg. NPPC (1986) fish weights were typically smaller, yielding greater fish
abundances: summer Chinook 7.4 kg, sockeye 1.6 kg, coho 4 kg, steelhead 3.3 kg, chum 5.5 kg.
Sources: Chapman (1986), PFMC (1979), NPPC (1986).

Species Chapman' NPPC PFMC?
Peak 5-yr catch Years Peak 5-yr run Max 1-yr catch Year Max run (habitat approach)
Chinook salmon 3.20 3.75-4.34 4.60 5.4-9.2 3.44
Spring (10.45 kg) 0.40 1890-1895 0.5-0.59 1.15 - 1.35-2.3 -
Summer (10.45 kg) 1.70 1881-1885 2.0-2.5 2.30 1883 2.7-4.6
Fall (8.24 kg) 1.10 1915-1919 1.25-1.25 1.15 - 1.3-2.3
Sockeye (2.25 kg) 1.92 1883-1887 2.25-2.62 1.3 1898 1.53-2.6 0.65
Coho (4.05 kg) 0.48 1894-1898 0.56-0.62 0.89 1925 1.05-1.78 1.20
Chum (5.5 kg) 0.36 1915-1919 0.45-0.75 0.70 1928 0.82-1.04 0.95
Steelhead (4.68 kg) 0.38 1892-1896 0.45-0.55 0.67 1892 0.79-1.35 2.04
Total 6.33 Various 7.5-8.9 8.2 Various 9.6-16.3 8.28

1 Run size range based on assumed optimal (variable) and probable (80-88%) harvest rates.
2 Maximum catch of spring and fall run Chinook assumed to be 50% of summer run.

Run size range based on assumed harvest rates 50-85%.
3 Steelhead estimated by NPPC (1986). Steelhead abundance = 1.7x coho abundance.

Chapman’s (1986) estimate of total
potential salmon abundance (harvest plus
spawning escapement), based on peak five-
year average catches of each species,
ranged from 7.5 million to 8.9 million fish
(Table 1ll.1). The upper-end abundance
estimate was calculated by assuming a well-
managed fishery with “optimal” harvest
rates for each species, even though it was
widely recognized that the Columbia River
fishery was not well-managed and harvest

rates were much higher than optimum
(Thompson 1951). The lower value (i.e., 7.5
million fish) was considered more probable
by Chapman (1986) because it was based
on higher harvest rates that contributed to
the observed decline in abundance over
time. The most abundant species, based on
the more probable harvest rates, were
Chinook (3.75 million) and sockeye (2.25
million), followed by coho, chum, and
steelhead (approximately 0.5 million each).
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These abundance values were based on the
landed weight of each species (derived from
records of canned, frozen, and mild-cured
salmon, adjusted for percentage of the fish
carcass utilized) and average weight of each
species in the late 1800s (Craig and Hacker
1940).

Non-commercial harvests were not
included in these estimates. Chapman
(1986) thought non-commercial harvests
were relatively small compared with
commercial harvests, in part because the
Native American population had been
decimated by disease. Accounting for an
83% decline in the Native American
population (from about 50,000 to 8,300
people), Chapman (1986) estimated
200,000 to 450,000 additional fish would
have been harvested and could be added to
the aforementioned estimates of
abundance. Chapman (1986) noted that
European settlers would have also taken
some salmon but estimated these harvests
would have been much less than about 10%
of the reported commercial catch.

Chapman (1986) considered density
dependent effects in his analysis. He
reported that salmon and steelhead
recruitment in the Columbia Basin exhibited
overcompensation at high spawner
abundances, such that relatively large
spawning escapements would produce less
recruitment (as shown in the Ricker
recruitment curve in Figure 11.2).
Accordingly, he speculated that reduced
fishing by Native Americans during 1825 to
1850, a period of exceptionally rapid
decline in the Native American population,
would have led to overcompensation and a
decline in salmon abundance. Chapman
(1986) also suggested that salmon

abundance initially increased as the early
years of commercial fishing around 1861
reduced spawner escapements to the highly
productive range, then decreased as fishing
expanded and began to exceed optimum
harvest rates. This observation differs from
that of Craig and Hacker (1940) and Hewes
(1973), who simply assumed salmon
abundance would have increased following
reduced fishing pressure by Native
Americans, then decreased with intense
commercial fishing (i.e., would have been
represented by the ascending limb of a
recruitment curve).

NPPC (1986) developed estimates of
“average annual salmon runs before
development of the basin.” The NPPC
estimate was based on the one-year
maximum reported catch of each species
during 1883 to 1928 and assumed harvest
rates (Table I1l.1). Maximum catch of
summer Chinook occurred in 1883

(2.3 million fish). Maximum catch of fall and
spring Chinook were each assumed to be
1.15 million fish or 50% of the maximum
summer Chinook catch. Lower and upper
bounds on harvest rates were assumed to
be 50% and 85% for all species, resulting in
an estimated average annual run size for all
species ranging from 10 to 16 million (Table
[11.1). NPPC (1986) based its salmon
abundances on Beiningen’s (1976) average
fish weights, which were derived from more
contemporary, smaller fish than those used
by Chapman. The use of smaller fish leads
to greater abundances when back-
calculated from pounds of fish processed
(Table I11.1). The NPPC (1986) range for
“average annual run size” (10 to 16 million
fish) was considerably larger than the
“potential run size” estimated by Chapman
(1986) (7.5 to 8.9 million fish).
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B. Ocean Catch of Columbia Basin
Salmon

Ocean troll fisheries in Alaska, British
Columbia and the lower west coast of the
United States intercept Chinook (primarily
fall runs) destined for the Columbia River.
These harvests should be considered in
total abundance estimates of Columbia
River salmon. Between 12.5% and 60% of
adult Chinook salmon tagged and released
off British Columbia during 1929 and 1930
were subsequently recovered in the
Columbia River (Craig and Hacker 1940),
providing some of the first data showing
that salmon taken in northern areas had
originated from many regions, including the
Columbia Basin. Columbia River coho are
also harvested in British Columbia and the
lower west coast but few are taken in
Southeast Alaska. Other salmon gear types
harvest south-bound salmon, but to a lesser
extent.

Ocean harvests in Alaska and British
Columbia were small before 1910 and
would have had negligible effect on the pre-
development estimates of salmon
abundance (Shepard et al. 1985). After
1910, troll fisheries in British Columbia and
Southeast Alaska increased steadily, with
annual harvests of approximately 160,000
Chinook and 150,000 coho salmon between
1910 and 1919 that were reportedly
destined for the lower United States (based
on tagging experiments), including the
Columbia River (Shepard et al. 1985). By
1970-1979, annual harvests of salmon
destined for the lower states had increased
to approximately 825,000 Chinook and one
million coho salmon (Shepard et al. 1985;
also see Figure l11.1).

The troll fishery off Oregon and
Washington, including the Columbia River
District, developed rapidly after 1912 (Craig
and Hacker 1940) and may have
contributed to a slight positive bias in pre-
development estimates of abundance in the
Columbia Basin. Harvests in the Columbia
River District (up to about 25 miles offshore
and 50 miles to the north and south) were
landed in the Columbia River and counted
in Columbia River statistics even though
some of the captured salmon were destined
for other coastal areas. Average annual
catch during 1926-1934 was approximately
42,000 Chinook and 254,000 coho; catches
were presumably higher in 1919 when
fishing effort was greater but troll-specific
catch was not reported. Trolling for coho
began after the peak catch estimates
reported by Chapman (1894-1898), but troll
fisheries did influence the maximum catch
of coho in 1925 used by NPPC (1986) (Table
[11.1). Chapman (1986) used 1915-1919 as
the peak period for fall Chinook harvests.
This period likely included relatively small
numbers of non-Columbia River Chinook
taken in the troll fishery, which were offset
to some extent by Columbia River Chinook
taken in troll fisheries beyond the Columbia
District.

C. Tribal Harvests Prior to 1800

Several estimates of salmon harvests by
Native American tribes prior to the 1800s
have been developed based on a variety of
assumptions, including population size
(~50,000 to 62,000 people), per capita
utilization rates (up to 1.8 Ibs of salmon per
day), and constant salmon availability for
harvest each year regardless of how the
environment affected salmon abundance.
Estimates of the number of salmon
harvested range from 1.9-2.4 million fish
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(Craig and Hacker 1940) to 2.3-3.0 million
fish (Hewes 1947, 1973) to 4.5-5.6 million
fish (NPPC 1986, Schalk 1986), based on the
weight of fish harvested and NPPC (1986)
estimates of average fish weight.

The tribal harvest estimates tend to be
lower than the five-year peak average
annual commercial harvest value (6.3
million) reported by Chapman (1986) and
the maximum one-year commercial harvest
value (8.2 million) reported by NPPC (1986),
both of which likely led to smaller runs via
over-exploitation. This might suggest that
Native Americans did not over-exploit the
salmon runs (Butler and Campbell 2004,
Campbell and Butler 2010). However,
periodic overexploitation of salmon runs
would be possible if large numbers of fish
continued to be harvested during years
when relatively few fish returned (i.e., if
Native Americans did not switch to other
food sources when salmon were scarce;
Walker 1967, Suttles 1968). Tribes may
have exerted some depensatory mortality
when salmon abundances were low, but
this adverse effect was likely moderated by
the difficulty in catching salmon when they
were less abundant and by other
opportunities to meet dietary needs.

D. Habitat-based Estimates of
Abundance

The Pacific Fishery Management Council
(PFMC 1979) estimated pre-development
abundance of salmon based on assumed
salmon production from habitat area
occupied by each species. These estimates
did not explicitly consider density
dependence; rather, they apparently
assumed maximum salmon production from
available habitat. The goal of the Pacific
Fishery Management Council (PFMC)

analysis, which included all of the west
coast United States, was to compare
historical versus current habitat as a means
to evaluate the potential from improving
natural salmon production in freshwater
habitat versus increasing production with
hatchery programs. No distinction was
made between spawning and rearing
habitat. Regarding spawning escapement in
the 1970s, PFMC (1979) concluded that
most salmon populations in the Columbia
Basin were below capacity, such that
considerably greater adult returns could be
achieved by increasing spawning
escapement.

PFMC (1979) estimated 3.4 million Chinook,
1.2 million coho, 650,000 sockeye, and
950,000 chum salmon in the pre-developed
Columbia Basin (Table Ill.1). PFMC (1979)
did not estimate steelhead abundance but
NPPC (1986) assumed steelhead abundance
was 1.7 times coho abundance, or 2 million
steelhead. Total abundance based on the
habitat approach was 8.3 million salmon
and steelhead (Table III.1).

E. How Accurate Are the
Abundance Estimates?

Several factors suggest that the salmon and
steelhead abundance estimates may be too
high if they are meant to represent average
annual estimates. Chapman (1986) noted
that his estimates of 7.5 to 8.9 million,
which were the lowest of all abundance
estimates, represented potential, not
average abundance. In other words,
Chapman (1986) considered his values to
represent maximum abundance or the
capacity of the Basin to produce salmon.
This seems to be a reasonable conclusion,
although it is worth noting that Chapman’s
(1986) total abundance values (all species
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combined) assumed an unusual situation
whereby the peak catch of each species
occurred in the same five-year period. In
contrast, the NPPC (1986) estimates of 10-
16 million salmon were reported to
represent average annual abundances prior
to development even though 1) maximum
observed one-year catch for each species
was assumed to occur during the same
year, 2) abundances that support maximum
catch cannot be expected to occur every
year given environmental variability, 3)
market conditions strongly influenced the
early harvest rates, and 4) the assumed
lower bound for harvest rate (50%) was
probably too low (leading to excessively
high upper limits on abundance) based on
observations of over-harvesting of the
salmon runs (e.g., Thompson 1951 and
others). Habitat-based estimates of
abundance (pre-dam) were about 75% to
87% of Chapman’s (1986) salmon estimates,
but four times higher for steelhead (Table
[11.1). The habitat-based estimate of 2
million steelhead is larger than the entire
annual average abundance of steelhead
(hatchery plus natural-origin) estimated to
have returned to North America during the
years 1970-1986 (i.e., 1.6 million steelhead;
Light 1987).

Both Chapman (1986) and NPPC (1986)
assumed that all Chinook harvested in
1881-1885 were summer Chinook, which
were highly prized fish. However, Wendler
(1966) reported that commercial fishing
was open during April, May, June, and July
beginning in 1879. Fishing during
September was open in Washington
beginning in 1881. These regulations
indicate some Chinook harvested from 1881
to 1885 were spring and fall Chinook
salmon, leading to overly high estimates of
summer Chinook abundance by both

Chapman (1986) and NPPC (1986). The high
summer Chinook estimate affects the NPPC
estimates of spring and fall Chinook, which
were each assumed to be 50% of the
maximum one-year summer Chinook
abundance in 1883 (Table IIl.1).

Peak catches were probably sometimes
higher than reported. Some fish were not
sold and processed when cannery capacity
was exceeded (Cobb 1917,
www.nwcouncil.org/history/CommercialFis
hing), or they were transported to other
coastal areas for processing. Some
canneries may not have reported the fish
they processed. Catch by Native Americans
and non-commercial fishermen were not
included in the commercial catch estimates.
As noted above, some Chinook and coho
were harvested in ocean fisheries extending
north to Southeast Alaska, but harvests
during this early period likely had a
relatively small effect on the peak harvest
estimates.

Environmental conditions likely influenced
abundances of salmon from which the pre-
development estimates were based. The
abundance estimates were based on
harvests prior to most mainstem dam
construction, but habitat had already been
degraded during this early period in some
areas due to mining, agriculture, logging
and other human activities (see Figure IV.1
for timeline). In contrast, climate evidence
suggests conditions may have been more
favorable for salmon during the late 1800s
and early 1900s. Columbia River salmon
abundance tends to be higher during cool
phases of the Pacific Decadal Oscillation
(PDO; Jacobsen et al. 2012). Cool phases of
the PDO prevailed during 1890-1924 and
again during 1947-1976, whereas the warm
phase dominated from 1925-1946 and from
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1977 through the late 1990s (Mantua et al.
1997; http://jisao.washington.edu/pdo/;
Jacobsen et al. 2012). This suggests that
some pre-development abundance
estimates pertain to the cool phase of the
PDO when climate conditions were likely
more favorable for Columbia River
salmonids than they are now.

Production of hatchery salmon in the
Columbia Basin began in 1877, but
hatcheries likely contributed relatively little
to the pre-development estimates of
abundance because the quality of fish
released then was much lower than it is
today. Chinook have been the principal
species released from hatcheries in the
Basin. In 1900, nearly 30 million Chinook,

7 million coho, and 0.3 million steelhead
were released from hatcheries (Figure Il1.2).
At this time, nearly all releases were fry;
production of yearling Chinook increased in
1918 and thereafter.

Chapman (1986) compared his estimates of
potential Chinook and coho abundances
with recent abundances produced in the
Fraser River, as a means to evaluate his
abundance estimates against a large nearby
watershed with relatively few dams. He
found the comparison provided some
grounds for confidence that his estimates

for predevelopment runs were not extreme.

The composition of salmon species
produced in the Columbia Basin has a large
influence on the total abundance of adult
salmonids that it can produce because
some species have a higher potential
maximum abundance than other species.
Pink, chum, and sockeye salmon are much
more abundant than Chinook, coho, and
steelhead across the North Pacific (Light
1987, Ruggerone et al 2010, Irvine et al.

2012), presumably because the abundant
species depend less on stream rearing
habitats. However, since the 1950s, the
Columbia Basin has produced only modest
numbers of sockeye® which typically rear in
lakes, very few pink salmon (e.g., 3,828 and
508 pink salmon counted at Bonneville Dam
in 2011 and 2013, respectively), and only
small numbers of chum salmon (less than
about 25,000 chum per year; Figure 111.1).
The Columbia Basin is at or near the
southern-most range of these abundant
salmon species. Nevertheless, the Columbia
Basin is the third largest salmon-bearing
watershed flowing into the North Pacific
Ocean (behind the Amur and Yukon rivers),
and its capacity to support numerous
natural-origin salmon was undoubtedly
large in the pre-development period.
Compared with other watersheds, the pre-
developed Columbia probably produced
more Chinook and steelhead than any other
watershed, along with relatively large
numbers of coho salmon.

F. Historical Versus
Contemporary Salmon
Production per Accessible
Habitat

A significant percentage of habitat formerly
available to anadromous salmonids is no
longer accessible, leading to the question:
How much has salmon density changed
given that both habitat area and total
salmon abundance have declined?
Historical and contemporary densities

®The rankings of salmon abundances in the
Columbia is based on the average annual natural-
origin abundances of 75 million sockeye, 150 million
pink, and 28 million chum returning to North
America, 1980-2005 (Ruggerone et al. 2010).
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cannot be accurately calculated, but we can
ask the simpler question: Has the ratio of
adult salmon abundance to accessible river
habitat changed since the early
development period?

We compared the percentage change of
adult salmon abundance with percentage
change in accessible river length (or lake
area for sockeye) during the early
development period (1881-1919) and
contemporary period (1986-2010) as an
initial step to evaluate why density
dependence has been detected in the Basin
when salmonid abundances are much lower
than they once were. Historical and
contemporary estimates of habitat
supporting each species are based on the
cumulative in-river distance each species
traversed to reach their spawning areas
(river kilometers; Lavier 1976a,b; PFMC
1979), or lake surface area in the case of
sockeye salmon (Fryer 1995). For fall
Chinook, we relied upon more detailed
information on spawning habitat in
mainstem areas provided by Dauble et al.
(2003). River distances are imprecise
proxies of salmon rearing and spawning
habitat area, but they represent the best
habitat metric obtainable for both time
periods. The adult salmon abundance
estimates used for the early period are
Chapman’s (1986) “probable” peak five-
year average annual estimates for each
species (assuming likely harvest rates; Table
[11.1). The abundance estimates
representing the contemporary period are
peak five-year average annual fish
abundances during 1986-2010 (Figure Il11.1).
The contemporary estimates include
harvests in the ocean, whereas ocean
harvests beyond the Columbia District in
the early period were unavailable but were
thought to be minimal (see Section B

above). Both early and contemporary
estimates include hatchery salmon, but the
hatchery component during the
contemporary period is a much larger
proportion of returning Chinook, coho, and
steelhead (Figure II1.2). It should be noted
that salmon returning to hatcheries do not
compete with natural-origin salmon during
spawning and juvenile rearing prior to
release, and that the current distribution of
hatchery fish differs from the historical
distribution of salmonids. Therefore, the
comparison of adult abundance (both
natural-origin and hatchery) to accessible
habitat in the contemporary period likely
over-estimates the potential for density
dependent interactions during some life
stages relative to historical conditions.

Total kilometers of river habitat accessible
to all anadromous salmonids declined by
31% from 1850 to 1976, but the extent of
decline differed widely among species
(Table 111.2). River kilometers available to
spring and summer Chinook declined about
50%, while mainstem spawning areas of fall
Chinook declined 83%. A 31% and 40%
decline in river kilometers occurred for
steelhead and chum salmon, respectively.
Conversely, river kilometers for coho
reportedly increased 26-36% in response to
passage improvements at Willamette Falls.
Sockeye lake surface area declined 96%
following dam construction that prevented
sockeye from accessing a number of large
lake systems (Fryer 1995).

Peak five-year average annual abundance of
all salmonid species combined (including
both hatchery and natural-origin fish)
declined by approximately 38% from 1881-
1919 to 1986-2010 (Table 111.2). However,
the decline in fish abundance relative to the
decline in accessible habitat varied by
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species, and in some cases, accessible
habitat declined more than species
abundance. For example, the percentage
change in accessible habitat for spring
Chinook, fall Chinook, and steelhead was
greater than the percentage change in the
abundance of these species (Figure 111.3).
For sockeye, the percentage losses of
accessible habitat and abundance were of
similar magnitude, whereas for coho, the
percentage gain in abundance exceeded the
percentage gain in habitat associated with
improved passage at Willamette Falls.

These simple comparisons provide initial
evidence that the density of adults in
accessible freshwater habitat may be

greater in the contemporary period for
spring Chinook, fall Chinook, coho, and
steelhead, and similar for sockeye salmon
as compared to the historical period. In
contrast, the abundance of summer
Chinook and chum salmon has declined
much more than accessible habitat,
suggesting that the current density of these
two species in freshwater habitat is less
than it was in the historical period.

Additional testing of the density
dependence hypothesis is described in
Chapters V, VI, and VII.
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Table II.2. Changes in adult salmon and steelhead abundance and accessible river length,
spawning habitat, or lake surface area in the Columbia River Basin following mainstem dam
construction. Contemporary abundance values include hatchery adult salmonids, many of
which only spend a brief portion of their lives in rivers where they may compete with natural
salmonids. Percentage change in habitat and species abundance is shown in bold. See text for
caveats.

Parameter River kilometers (km) Peak 5-year abundance (millions of fish)
Period: 1850 | Period: 1976 % Change 1881-1919 1986-2010 % Change
River kilometers (Total) 29,438 29,438 0
il
km Available to 23,598 16,207 31% 5.20 3.20 -38%
Anadromous Fish
Km Blocked to 5,841 13,231 127%

Anadromous Fish

Potential river habitat [km] based on Lavier (1976a,b):

Chinook (Spring) 17,084 8,716 -49% 0.50 0.444 -11%
Chinook (Summer) 8,000 3,649 -54% 2.00 0.164 -92%
Chinook (Fall) 2,936 2,668 -9% 1.25 1.137 -9%
Coho 4,109 5,162 26% 0.56 1.300 132%
Chum 497 312 -37% 0.45 0.016 -96%
Steelhead 20,812 14,344 -31% 0.45 0.536 19%

Chinook (Fall) mainstem spawning habitat (km) based on Dauble et al. (2003):
Chinook (Fall) 1,466 248 -83% 1.25 1.14 -9%

Sockeye lake surface area [ha] (Fryer 1995):
Sockeye 84,000 3,700 -96% 2.25 0.169 -92%

Potential river habitat [km] based on PFMC (1979):

Chinook 19,221 10,240 -47% 3.75 1.75 -53%
Coho 4,034 5,483 36% 0.56 1.300 132%
Chum 402 232 -42% 0.45 0.016 -96%

1. 1881-1919 peak abundance from Chapman's (1986) "most probable values." Table IlI-1.

2. Contemporary peak abundance based on Chapman's method & includes ocean catch (see Fig. IlI-1).

3. All-species abundances based on the adjustments described in text.

4. Reported estimates of sockeye habitat based on river kilometers excluded from table (most sockeye rear in lakes).
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Figure I11.3. Percentage change in accessible habitat (river kilometers or lake area) and salmon
abundance (natural-origin and hatchery combined) from the pre-development period (late
1800s) to 1986-2010 in the Columbia River Basin. Values above the 1:1 line indicate that the
ratio of total abundance relative to accessible habitat is greater now than in the pre-
development period, which suggests that density dependence is potentially greater in the

current period. See text for caveats. Values based on data in Table Ill.2.

G. Historical Versus
Contemporary Smolt Production

Pre-development and recent estimates of
smolt production from the Columbia Basin
do not exist, but the ISAB (2011-1)
examined the question of whether current
total smolt production, including salmonids
released from hatcheries, might equal or
exceed that prior to dam construction in
the Columbia mainstem. If so, this would
suggest that density dependence in the
Basin could be strong, especially in
mainstem and estuarine habitats. The ISAB

(2011-1) cautioned readers that the
reconstructed smolt estimates are very
imprecise. The pre-development estimates
of smolts were based on abundances of 3.1
to 3.9 million adult salmon and steelhead
(sum of each species based on 10-year peak
abundance rather than the five-year
estimate by Chapman) and species-specific
assumptions about smolt to adult survival
rates (ISAB 2011-1).

Reconstruction of smolt abundances
suggested that considerably more smolts
(hatchery and natural-origin combined) are
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migrating down the Columbia River now
than before mainstem hydropower
development, but the pattern varied across
species (ISAB 2011-1). Current smolt
abundances increased most for steelhead
(by about four to eight times higher than
estimated from historical data) and fall
Chinook (about three to seven times
higher), followed by coho (about two to
three times higher), and spring/summer
Chinook (up to two times higher; ISAB 2011-
1). Trends in sockeye smolt abundance
were especially uncertain.

H. Conclusions

The arguments presented in this chapter
suggest that long-term average abundances
of salmonids in the Columbia River during
the pre-development period were lower
than estimated by Chapman (1986) and
NPPC (1986). Chapman’s (1986) lower
potential abundance estimates for each
species, however, can be considered as
reasonable estimates of the pre-
development capacity of each species
(Table 111.1). These values were used in the
comparison of declines in habitat versus
abundance. Our differentiation between
long-term average abundance and capacity
reflects the influence of ocean and climate
conditions on salmon returns and the
observation that the pre-development
estimates of abundance may have occurred
during a period of favorable survival
conditions (i.e., during the cool phase of the
PDO).

Previous assessments of the overall
abundance of Columbia River salmonids
likely over-estimated their long-term
average annual abundance and the capacity
of the Basin to support these species. It
seems unrealistic to expect that all species

could achieve their maximum annual
abundance in the same five-year or one-
year period, as assumed for the all-species
estimates of 7.5 to 8.9 million fish
(Chapman 1986) or 10 to 16 million fish
(NPPC 1986). The peak five-year average
annual catch of all species combined (about
4.4 million fish in 1883-1887)” was only
about 70% of the sum of peak five-year
average annual catches of each species
considered separately (6.3 million fish per
year over a range of five-year periods).
Likewise, the maximum annual catch of all
species combined (~4.7 million fish in
1883)® was only about 57% of the sum of
maximum annual catches of each species
considered separately (8.2 million fish over
a range of years). Applying these ratios of
all-species peak catches to the sum of
individual peak catches (70% for peak five-
year periods, 57% for maximum years) to
adjust the Chapman (1986) and NPPC

7 peak five-year average annual catch of all species
occurred during 1883-1887 due solely to the large
Chinook catch and Chapman’s (1986) approximation
of sockeye catch (1.9 million per year). Harvests of
other species, if any, were not reported at this time.
To account for these other species, the average
reported annual catch during the most recent five-
year period of each species was added to the 1883-
1887 reported annual catch. This adjustment
increased peak five-year average annual catch from
3 million to 4.4 million fish. After this early period,
peak five-year average annual catch was only 2.7
million fish (1915-1919; see Figure I1l.1), a number
much smaller than the expanded peak catch values.
These peak harvests corresponded with World War |
when demand was high.

8 Using the same approach described above to
account for species that were not harvested in 1883,
the maximum one-year catch increased from 3.9
million to 4.7 million fish in 1883. After this early
period, maximum one-year catch was only 3.1
million (1918).
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(1986) all-species estimates of total
abundance for both catch and escapement
yields a cumulative abundance range of 5.2-
6.2 million and 5.5-9.3 million salmon and
steelhead, respectively (Figure Ill.1). After
analyzing the available, albeit limited, data
and early estimates by Chapman (1986) and
NPPC (1986), the ISAB believes the
potential capacity for all species combined
in the pre-development period was likely in
the range of 5 to 9 million fish per year,
with the primary evidence (i.e., probable
harvest rates) supporting an estimate of
around 6 million fish per year. The all-
species capacity estimate likely over-
estimates long-term average annual
abundance because ocean conditions can
become less favorable such as during the
warm phase of the PDO.

Although this evaluation suggests that
salmon abundance in the Columbia Basin
during the pre-development period may
have been lower than previously thought,
our revised estimates of pre-development
abundance are still considerably higher than
current abundances (see adjusted potential
abundance in Figure lll.1, and Table I11.2).
This leads to the question posed in the
Introduction: “Why is density dependence
more evident than expected at low
abundances?” As a first step in addressing
this question, we compared the percentage
change in accessible habitat versus
percentage change in adult salmon
abundance from the pre-development
period to present. These simple

comparisons provide initial evidence that
overall density (natural-origin and hatchery
origin salmonids combined) may be greater
in the contemporary period for spring
Chinook, fall Chinook, coho, and steelhead;
similar for sockeye salmon; and much less
for summer Chinook and chum salmon.
Furthermore, more smolts (both hatchery
and natural origin) may be emigrating from
the Columbia Basin now than in the pre-
development period. The implication of
these approximate comparisons is that
current production from natural spawners
and hatchery fish may be exceeding the
current capacity of the Columbia Basin and
estuary to support anadromous salmonids
(ISAB 2011-1, Naiman et al. 2012). This
hypothesis is especially relevant given the
major alteration of the Columbia Basin
ecosystem that has reduced the capacity
and productivity of the Basin to support
salmonid populations.

In the next Chapter (IV), we provide
additional information on factors that have
likely contributed to reducing the capacity
and productivity of salmonids in the
Columbia Basin. The corresponding
evidence for density dependent reductions
in growth and survival is presented
generally for salmonid populations in the
Columbia Basin in Chapter V, and with a
special focus on the consequences of
hatchery production in Chapter VI.
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IV. Novel Ecosystem Effects on Capacity, Productivity and

Resilience

Environmental changes to the Columbia
River Basin have been pervasive and well-
recognized for several decades (e.g.,
Columbia Basin Fish and Wildlife Authority
1990, Williams 2006). Alterations to flow
regimes and habitats, as well as the
proliferation of non-native species and
hatchery-bred salmonids, the widespread
use of artificial chemicals, substantial land
use, and other ubiquitous environmental
alterations, characterize today’s Columbia
River. In addition, the ocean is changing in
fundamental ways that affect the vitality of
anadromous fishes. This “new version” of
the Columbia River, its tributaries, and the
adjacent ocean creates significant
challenges for most native species.

In effect, the new Columbia River is a prime
example of a novel ecosystem; a river and
an estuary representing vestiges of
historical conditions. And the ocean is
moving steadily toward becoming a novel
ecosystem. In this chapter we summarize
important environmental changes in the
Columbia River Basin and the adjacent
ocean. We examine linkages among
carrying capacity, productivity, resilience,
and life history characteristics in response
to the changed environmental conditions,
the resulting density dependent responses
of native fishes, and the consequences of
weakened life history diversity. Although a
few native species may have benefitted,
most habitats have significantly reduced
carrying capacity and the overall intrinsic
productivity of most populations have
declined, resulting in less resilience to
natural and human-induced environmental
stresses.

A. Ecosystem Properties Affecting
Density Dependence

Novel ecosystems (also called hybrid or no-
analogue ecosystems; Hobbs et al. 2013)
are those whose species composition and
ecological processes are unprecedented in
the history of specific locations. The
distribution, abundances and life history
diversity of native species persisting in
novel ecosystems are profoundly affected
by changes to the carrying capacity,
productivity and resilience of habitats, and
by the presence of new species. A major
challenge confronting managers in the
Columbia Basin is determining the extent to
which the ecosystem is irreversibly changed
and how best to evaluate and manage novel
ecosystems.

Changing the carrying capacity of specific
habitats influences density dependent
characteristics for native fishes. This may
result from altering food supplies,
community composition, chemicals, or
physical habitat features, or from
modification of habitat-to-habitat linkages.
In turn, a reduced habitat carrying capacity
alters life history and population
parameters such as migration, growth,
fecundity, mortality, and overall population
productivity. For instance, it is doubtful that
the contemporary Columbia River, or its
tributaries, can provide sufficient food or
rearing and spawning habitat to
simultaneously support large populations of
artificially raised fishes and abundant non-
native species, as well as substantial
abundances of the native aquatic and
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terrestrial biota for the long term (Williams
2006, Naiman et al. 2012).

Ecological resilience is enhanced by
protecting diversity and redundancy of
species, populations, life histories, and
habitats; that is, by maintaining biological
options, by maintaining intrinsic population
productivity, and by avoiding management
actions that reduce natural genetic and
phenotypic variability. Population resilience
depends in part on the nature of density
dependence—the steepness and shape of
the recruitment curve (e.g., whether
asymptotic like the Beverton-Holt curve or
dome-shaped like the Ricker curve, see
discussion of overcompensation in Chapter
I1.B: Implications of Compensation for
Fisheries Management).

B. Alterations to the Columbia
River Basin: An Overview

Broad changes have taken place over the
last two centuries (Williams 2006, ISAB
2011-4, Lichatowich 2013, Rieman et al.
2015). Historic changes to watercourses
have resulted from extensive alterations of
water supplies and stream channels, as well
as from intensive land use (Figure IV.1).
Current and ongoing changes include
ecosystem-scale alterations from the
extensive use of artificial chemicals, the
arrival of numerous non-native species,
range expansions and contractions by
native species, alterations to riparian zones
and food supplies, and climate change
(Table IV.1). An extensive planning process
in the 1980s identified hundreds of
restoration actions needed at the subbasin
scale and estimated costs for their
implementation with a goal of doubling the
number of anadromous salmonids over 50
years (Columbia Basin Fish and Wildlife

Authority 1990). While progress has been
made, the goal remains elusive.

General Physical Conditions. Altered
channel structure, hydrology, and sediment
delivery have resulted from numerous
human actions (Gregory and Bisson 1996).
These include beaver trapping, the
construction of numerous dams and
reservoirs, forest harvest, wood removal,
dredging, agriculture, grazing, road
construction, urbanization, and climate
change (Figure IV.1). Additionally,
significant biotic changes have resulted
from the proliferation of chemical
contaminants, widespread use of
hatcheries, and the prevalence of non-
native species (ISAB 2007-2, 2011-1, 2011-
4). Collectively, these alterations have
significantly reduced habitat-specific
carrying capacity and productivity, as well
as the overall resilience of the ecosystem to
respond to unanticipated alterations.

The evolution of anadromous, adfluvial, and
fluvial migratory life histories within the
Basin provides the most convincing
evidence for the limited carrying capacity of
headwater streams alone to support a high
abundance of native fishes (Gross et al.
1988, Finstad and Hein 2012). With low
productivity comes a strong potential for
density dependence within natal habitats.
Counteracting that low productivity,
mainstem and tributary habitats downriver
of spawning and early rearing areas have
historically fostered greater abundance and
life history diversity, especially for
coldwater anadromous salmonids. As
salmonids in unproductive streams spawn
and the young fish begin to grow, the
severe carrying capacity and productivity
limitations in the colder, less productive
spawning waters are often circumvented as
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fish emigrate into tributary and main
channel habitats for rearing before
migration to the estuary and Pacific Ocean
or to inland lakes (e.g., Petrosky 1990,
Downs et al. 2006). Returning salmon in
abundances far exceeding the carrying
capacity of the natal streams provide
nutrients to increase productivity and

carrying capacity in a positive feedback loop
(Cedarholm et al. 1999, Gresh et al. 2000,
Naiman et al. 2009). The net result is a wide
diversity of life histories, many of them
migratory, which serve to not only disperse
individual fish to various habitats, but also
serve to lessen density dependence.
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Figure IV.1. Sequential development driving landscape change in the U.S. portion of the
Columbia River Basin and concurrent changes in human population size. Wide dark bars
indicate the period of peak development and rapid habitat conversion. Wide light bars indicate
continued effects following the initial period of rapid change (from ISAB 2011b, Rieman et al.

2015).

The Basin’s numerous dams, reservoirs, and
artificial ponds have exerted profound
effects on the carrying capacity,
productivity, and resilience of native
species. Dams and reservoirs block many
movements that evolved in response to
density dependence and limited carrying
capacity (see Figure IV.2 and Table Il1.2).
Just as importantly, many downriver rearing
areas suitable for coldwater species have

been converted into reservoirs better suited
to coolwater and warmwater species, most
of which are non-natives. Additionally,
recovery of ESA-listed populations requires
quality habitat downstream of the pristine
natal rivers because of density dependent
emigration prior to winter (e.g., Chapman
2014).
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Within the contemporary Columbia River
hydrosystem, salmonids may meet density
dependent limitations much sooner and at
much lower total abundance than in the
past. This is because impoundments contain
non-native predators and provide less
suitable rearing conditions for juveniles
escaping density dependent growth

associated with limited habitat capacity
upstream. Although great emphasis has
been placed on providing passage for
juveniles through the hydrosystem, much
less has been done to address detrimental
changes in rearing conditions in mainstem
habitats (Sidebar IV.1).

Sidebar IV.1. Effects of dams and non-native species on bull trout carrying capacity

An example where dams have impacted carrying capacity is Noxon and Cabinet Gorge

reservoirs on the Clark Fork River, Montana. These are locations where adfluvial bull trout
historically spawned in very unproductive tributaries, but the bull trout used the Clark Fork
River as a migratory corridor and seasonal rearing area before emigrating to more productive
habitat in Lake Pend Oreille, Idaho. Returning adfluvial fish reached a much greater abundance
and larger size in the lake than they would have as resident fish remaining in tributaries and the
mainstem. Concurrently, introductions of non-native species in reservoirs, including predatory
walleye, northern pike, smallmouth bass and largemouth bass, produced populations that now
occupy mainstem reservoir habitats—the bull trout migratory corridor (Scarnecchia et al. 2014).
Several non-harvested native species have declined in abundance (suggesting a decline in
carrying capacity of the system for those native species) and recently documented increases in
abundance of non-native species present challenges for restoration of bull trout since the
habitat is now occupied by a novel fish community. Similar problems exist in lakes, such as
Flathead, where high abundance of non-native, piscivorous lake trout are a concern for
restoration of adfluvial bull trout that spawned in streams around the lake but historically
emigrated to rear in the lake (Ellis et al. 2011). In restoration efforts where migratory
characteristics have been abbreviated or rendered obsolete by dams or invasions by non-native
piscivores, bull trout restoration is more likely to reach carrying capacity sooner and undergo

density dependent limitations earlier in the restoration process.

The lack of fish passage in many historical
dams undoubtedly increased the likelihood
that non-native species, once introduced,
would become established in former
salmon habitat. Some dams were built with
no way for salmon to travel either
downstream or upstream (e.g., Grand
Coulee, Hells Canyon; Figure IV.2). In
addition to changing flow regimes,
extensively dammed ecosystems also
experience reduced sediment delivery
(Collier et al. 1996), changes in channel
geomorphology (Magilligan and Nislow

2005, Waples et al. 2009, Malcolm et al.
2012), altered thermal regimes (Saito and
Koski 2006, Olden and Naiman 2010) and
are often subject to extensive water
withdrawals. Even dams with fish passage
facilities can act as barriers to fish passage
(Waples et al. 2008), reducing and isolating
habitat for longer time periods (decades to
centuries) than natural blockages such as
landslides (hours to days; Waples et al.
2009). Reservoirs, by inundating former
lotic habitat, create ecosystem
characteristics that encourage non-native
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species, and may lead to juvenile salmon agriculture, mining, or power generation
overwintering in reservoirs, delaying also contributes to changed surface and
migration to the ocean (Connor et al. 2005). hyporheic flows (Stanford et al. 2005).
Widespread diversion of water for

Anadromous Accessibility
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Figure IV.2. Area blocked to anadromous fish in the Columbia River Basin. Streams blocked by
dams or other barriers leads to lower population abundance of migratory fishes. Source: Pacific
States Marine Fisheries Commission. Source details: NOAA TRT Salmon Population Boundaries
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(July, 2011); beyond the extent of NOAA's TRT data, accessibility status was informed by
professional judgment of staff at the Northwest Power and Conservation Council (NPCC), the
Columbia River Inter-tribal Fisheries Commission (CRITFC), the Canadian Columbia River Inter-
tribal Fisheries Commission (CCRIFC) and the Pacific States Marine Fisheries Commission
(PSMFC); please help improve this map layer by directing feedback to gis@psmfc.org.
Compiled: April 28, 2014 by Van C. Hare, PSMFC (prj 276).

Alterations to Riparian Zones and Food
Supplies. Riparian forests along thousands
of kilometers of the Basin’s streams also
have been severely modified (Fullerton et
al. 2006; Table 1V.1; Sidebar 1V.2). Riparian
forests provide large wood to rivers and
streams, stabilize streambanks, buffer
streams from pollutants, provide habitat for
fish, aquatic and terrestrial invertebrates
and wildlife (Steel et al. 2003, Wipfli and
Baxter 2010, Wahl et al. 2013) and furnish
shade that moderates water temperatures
(Naiman et al. 2005). It is common that

about half the food energy that sustains fish
in small streams enters in the form of
terrestrial invertebrates that fall into
streams from riparian vegetation (Nakano
and Murakami 2001, Baxter et al. 2005).
Collectively, these attributes enhance
habitat carrying capacity and productivity
and ecological resilience for native species.
Unfortunately, these “subsidies” are
significantly compromised by human
actions (Baxter et al. 2004, Naiman et al.
2005, Saunders and Fausch 2007, 2012).

Sidebar IV.2. Riparian modifications to the Willamette River, Oregon.

While modifications to riparian areas have been severe throughout the Basin (Fullerton et al.
2006), extensive quantitative data on changes are available for only a handful of locations.
Nevertheless, the data consistently show the broad extent of riparian changes. For example,
early visitors to the Willamette River Valley documented multiple channels and dense
woodlands covering a broad floodplain (Sedell and Froggatt 1984). Snags and fallen trees were
systematically removed between 1870 and 1950 to enable navigation. Over a distance of 273
km, the total area of river channels decreased by 22% and the total length of all channels
decreased by 26% from 1850 to 1995 (Gregory 2008). More than 30% of high quality fish
habitat in alcoves and sloughs disappeared and the area of islands declined by 63%. Between
Albany and Eugene the total length of all channels decreased from 340 to 185 km, and more
than 70% of the side channels, 40% of the alcoves, and 80% of the islands were either
eliminated or converted to floodplain banks (Gregory 2008).

Proliferation of Chemicals and
Contaminants. While control of point-
source contaminants and regulations
designed for waste discharges have reduced
incidents of fish kills, these actions do not
adequately protect migratory fish like
salmon that encounter many different

contaminants in many different habitats
(Table IV.1; Ross et al. 2013).
Bioaccumulation and biomagnification of
chemical contaminants affect fish
metabolism as well as critical components
of the food web (e.g., microbes, sensitive
invertebrates, and top consumers).
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Herbicides cause direct loss of food sources
such as aquatic plants and algae (leading to
food shortages for higher trophic levels).
Exotic chemicals reduce the ability of
species and individuals to cope with normal
predation risk and environmental stresses
due to altered behaviors, slower somatic
growth, and increased disease susceptibility
(ISAB 2011-1). Contaminants affect the
sensitive early life history stages of fish and
the basal layers of food webs (Relyea and
Hoverman 2006, Fleishman 2011). The use
of artificial chemicals and contaminants
continues to expand, threatening the
productivity and carrying capacity of
habitats, the life history diversity of species,
and ecological resilience.

Investigations on the ecotoxic potential of
chemical mixtures on fish metabolism and
food webs are just beginning. For instance,
the Columbia River Contaminants and
Habitat Characterization (ConHab) Project,
an interdisciplinary study, is making
headway by investigating transport
pathways, chemical fates and effects of
polybrominated diphenyl ether (PBDE)
flame retardants and other endocrine
disrupting chemicals (EDCs) in water,
sediments, and the food web in the lower
Columbia River (Nilsen and Morace 2013).
Fortunately, the need to quantify spatial
patterns of chemical use and discharge,
assess their transfer and accumulation
rates, and document the vulnerabilities of
species and food webs to them are broadly
recognized (EPA 2014).

Non-natives and Species Expansion. Even
though biodiversity (i.e., the number and
relative abundance of different species) is
declining globally, it is sometimes increasing
locally through the rapid turnover of species
(Dornelas et al. 2014, Pandolfi and Lovelock

2014). In the Noxon Reservoir on the Clark
Fork River, Montana, non-native additions
to a depauperate fauna (Frissell 1993)
resulted in a higher total number of fish
species, consisting mostly of non-natives
(Scarnecchia et al. 2014), which is typical of
many locales throughout the Basin. In
general, the trend appears to be one of
gaining species through the addition of non-
natives, with concomitant impacts on the
utilization and division of available
resources (Table IV.1). The increase in non-
native species impacts native species and
may lead to observable density dependent
responses as resources become increasingly
limited.

Preventive measures against invasions of
economic importance (e.g., zebra and
guagga mussels; Dreissena polymorpha and
D. bugensis) such as border inspections,
cleaning stations and invasive species tags
for boats, have increased in recent years.
Nevertheless, basin-wide monitoring to
address the temporal pace and spatial
extent of non-native invasion and
establishment, and to identify impending
problems while they are still manageable, is
not occurring (ISAB 2011-1, ISAB 2013-1).

Additionally, there is the continued threat
of additional new species that drastically
alter ecosystem characteristics (e.g., aquatic
weeds, mussels, diseases), and thereby
further impact carrying capacity,
productivity and ecosystem resilience (for
example, see Catford et al. 2013). The
ecological threats posed by quagga and
zebra mussels, aquatic plants such as milfoil
(Myriophyllum spp.), and other invaders are
real—they have fundamentally altered
ecosystem properties elsewhere. For
instance, in highly polluted Lake Erie (USA
and Canada), it has been determined that

ISAB Density Dependence Report]|60



invasive mussels have had a greater impact
on the zooplankton community in the last
25 years than extensive pollution
(Burlakova et al. 2014).

Climate Change. While there are numerous
mechanisms through which climate change
affects organisms and habitat, one
pervasive example may be sufficient:
Climate change influences most aquatic
organisms via temperature effects on
metabolism, which in turn affects growth,
survival and distribution (Steel et al. 2012).
The greatest exposure to high stream
temperatures appears to be occurring in
the Basin’s low elevation and low latitude
streams under climate change (Wade et al.
2013). As the Basin continues to warm,
streams with flat slopes (0.1-1%) are
expected to experience greater isotherm
shifts upstream than steeper streams, with
shifts as fast as 25 km/decade (Isaak and

Rieman 2012), allowing warm-water species

to expand their ranges. Elevated water

temperatures also cause fish emergence
times to become mismatched with flows
and food resources, alter migration times,
and increase susceptibility to disease and
mortality (ISAB 2007-2).

Besides harming native species, projected
climate change shifts in water temperature
and flow regimes favor many non-native
species, resulting in continuously changing
novel food webs, predator-prey interactions
and spawning and rearing conditions
(Fausch et al. 2001, Rahel and Olden 2008,
Lawrence et al. 2012, Goode et al. 2013). In
adjacent uplands, continuing climate
change will also likely increase wildfire
frequencies, insect infestations, and
drought-induced tree mortality, all of which
result in increased erosion and flooding, in
addition to numerous other ecosystem-
scale changes (Vose et al. 2012).

Table IV.1. A brief overview of biophysical alterations to the Columbia River Basin.

Alteration Impacts on Biotic Carrying Capacity and Productivity Key
References

Beaver Historically, the Basin had widespread beaver activity on many alluvial | Naiman et al.

Removal floodplains; trapping in the late 1800s greatly reduced or extirpated 1988, Stanford
most beaver populations. Beaver dams and other biogenic structures | et al. 2005;
increase channel aggradation rates, energy dissipation, and Pollock et al.
attenuation of peak flows; improve groundwater recharge; and 2003, 2014
provide important rearing and wintering habitat for salmonids.

Dams and The construction of numerous dams has changed the free-flowing www.psmfc.or

Reservoirs system to a fragmented network of regulated flows and lentic g/habitat/salm

reservoirs and ponds, and blocked many immigrations and
emigrations—evolved adaptations that reduce density dependence
and increase carrying capacity. Just as importantly, many downriver
rearing areas, either highly or marginally suitable for coldwater
species, have been converted into reservoir habitat better suited to
coolwater and warmwater species that are often non-natives. In
total, ~30 - 55% of the habitat originally available to salmon has been | migratory-fish
lost. Further, an estimated 30 - 50% of the original anadromous

ondam.html;
WWWw.nwcoun

cil.org/history;

www.internati

onalrivers.org/

dams-and-
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spawning habitat in the Columbia Basin is either submerged under
reservoirs or blocked by dams without adequate bypass facilities.

Forest Logging began in the early 1800s and removed forest cover at rates Gregory and
Harvest, exceeding natural wildfire, disease and wind-throw. Early logging Bisson 1996,
Wood involved transporting logs in stream channels, with detrimental Stanford et al.
Removal and impacts on riparian zones and aquatic communities. Road networks 2005, Waples
Dredging constructed to support silviculture further altered hydrology and et al. 2009
thermal regimes by increasing surface runoff and hillslope erosion.
Widespread dredging for navigation continues to be an important
activity with potentially severe ecological consequences.
Mining Historically, mining occurred in many parts of the Basin. While the Stanford et al.
effects are still widely evident, mining is not as extensive today as 2005
other activities such as logging, grazing, urbanization, and agriculture.
Mining substantially increases erosion and sediment delivery to
streams while drainage and leaching of toxic contaminants impair or
eliminate stream ecosystems for decades after mining activities have
ceased (e.g., Upper Clark Fork and Coeur d’Alene River basins).
Agriculture Irrigated agriculture has been present in the Basin since the mid- Gregory and
and Grazing 1800s, and today covers about 5 million acres (~3% of the Basin). As Bisson 1996,
of 1993, agricultural land use constituted about 20% of the Basin’s Stanford et al.
land area, and rangelands about 30%. Irrigation return flow often is 2005;
warm with high nutrient, sediment, and pesticide concentrations. Saunders and
Poorly managed grazing can degrade instream habitat while Fausch 2007,
simultaneously drastically reducing inputs of terrestrial invertebrates | 2012
that supply about half the energy requirements of stream fish.
Hatcheries There are approximately 130-150 million hatchery-bred salmon and Paquet et al.
steelhead added to the river annually from > 200 hatcheries. The very | 2011, ISAB
large annual releases of juvenile fish from the Basin’s hatcheries 2011-1,
impact food webs and the vitality of natural-origin fish. It is not clear Naiman et al.
whether the Columbia River, or any of its tributaries, can provide 2012
sufficient food to support large populations of artificially raised fishes
for the long term. Evidence suggests that more salmon smolts (mostly
hatchery) are produced in the Basin today than were present during
the period prior to major hatchery and dam construction.
Roads Most of the Basin’s many thousands of kilometers of roads are Reid 1998,
situated near streams or cross streams, and significantly influence Meredith et
sedimentation and the volume of dead wood in the channel. For al. 2014
instance, streams < 30 m from roads have fewer pieces of total wood,
fewer pieces of coarse wood, fewer pieces of pool-forming wood, and
less wood volume per kilometer than sites > 60 m from roads.
Urbanization Urban land area in the Basin increased from 26,000 km? in 1977 to Gregory and

61,000 km? in 2000. Urbanization and population growth increase
sewage effluent, storm runoff, and industrial discharge to rivers and
streams. For instance, annual oil and grease loads to the ocean due to
urban runoff were estimated to increase by more than 100% between
1977 and 2000. Urban areas are often located on historic wetland
sites, which eliminate these sites as productive habitat. The increased

Bisson 1996,
Stanford et al.
2005, ISAB
2007b, Saito
et al. 2010
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desire for exurban development (low density-semi-rural residential)
near water is a dominant trend that can result in degraded and
fragmented aquatic habitat.

Climate
Change

Significant climate change has been detected throughout the Basin.
Over the last century, warming has occurred in the Northwest US by
about 0.7°C, with higher nighttime minimum temperatures. Although

Hamlet and
Lettenmaier
1999, Battin et

a consistent trend in precipitation has not been observed over this al. 2007, ISAB
period, larger fluctuations have been observed since 1970 when 20073, Elsner
compared with the previous 75 years. Predictions suggest that a et al. 2010,
continued warming of ~1 to 5°C, with variable forecasts of increased Beechie et al.
or decreased precipitation by 2070. Because of the increased 2012, Wu et
temperatures, changes in the form of precipitation are likely, with al. 2012,
proportionately more rain than snow, especially in mid-elevation Dalton et al.
areas. Streamflow hydrology in snowmelt and rain-snow mixtures is 2013, Brekke
expected to change greatly in timing and quantity, with some etal. 2013
watersheds completely losing snowmelt in April by 2080. By 2070-
2099 the only snowmelt-driven region of the Basin is projected to be
the Canadian Rockies. Models suggest that formerly snowmelt-driven
streams will see significantly reduced summer stream flows and
warmer temperatures throughout the Pacific Northwest by the
2080s, which may result in less summer but greater winter
hydropower generation and increased susceptibility of salmonids and
other species to disease and mortality. Alterations in streamflow
guantity and timing may also impact channel structure. Recent
updated projections indicate warmer air temperatures and greater
runoff on the Columbia River than previous projections.
Chemicals and | The widespread use of artificial chemicals in the Basin provides cause | ISAB 2011a,
Contaminants | for concern. The most recent tally of pesticide use (average for 1999- | Morace 2012,
2004) lists 182 chemicals, with an aggregate application rate of Naiman et al.
~46,000 mt of active ingredients annually; these are concentrated 2012, Nilsen
mostly in agricultural lands along water courses. In addition, there are | and Morace
yet-to-be-quantified but apparently abundant organic compounds 2013, EPA
such as pharmaceuticals, steroids, surfactants, flame retardants, 2014

fragrances, and plasticizers detected, especially in waters in the
vicinity of municipal wastewater discharges and livestock agricultural
facilities.

Non-natives
and Species
Expansion

A total of about 1,000 non-native species of plants and animals, of
which 326 are documented aquatic species, inhabit the Columbia
Basin. Many others are expected to arrive in future years as the
ranges of native species adjust to new environmental conditions. The
stark reality is that hybrid food webs will persist; non-native species
are widely established, and eradication is virtually impossible. A
positive step has been taken by the Willamette Habitat team to
develop a website to track and map changes to fish communities in
the river, one that could be expanded to other parts of the Basin.

Sanderson et
al. 2009, Carey
et al. 2012,
Mims and
Olden 2013

ocid.na
wrfish

http:
cse.or

test/
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C. Changing Oceans

The Columbia River and the Pacific Ocean
are intimately linked by the regular
movement of energy, materials and
organisms - and ocean conditions are
steadily changing. In the California Current,
multiple threats from human activities
occur everywhere, and coastal ecosystems
near centers of high human population
density and the continental shelves off
Oregon and Washington are the most
severely affected by human activities
(Halpern et al. 2009). Important biophysical
alterations to the ocean include climate
regime shifts, acidification, excessive
hatchery production and pollution (Table
IV.2), all of which could impact density
dependent growth, maturation, and survival
of anadromous fish through changes to
carrying capacity, productivity, and
resilience of marine habitats (ISAB 2007-2,
ISAB 2011-1, ISAB 2011-4, NPCC 2014-12).
At present, the timing of future regime
shifts cannot be predicted (Overland et al.
2010), and the effects of global climate
change on the frequency, duration, and
intensity of these events remain highly
uncertain.

There is much speculation about the
potential effects of ocean acidification and
hypoxia on salmonid food webs in the
ocean. Focused process studies that directly
address this question are needed to reduce

scientific uncertainty. The ISAB has
suggested that marine pollution is an
emerging issue for the Columbia Basin (ISAB
2011-1). However, the recent EPA Columbia
River Chemicals of Emerging Concern (CEC)
Research and Monitoring Strategy (EPA
2014) and the Columbia River Toxics
Reduction Working Group Action Plan (EPA
2010) do not specifically address marine
pollution issues. Hatcheries introduce a
relatively constant and large number of fish
regardless of ocean conditions and, as well,
the assumption of unlimited carrying
capacity for the ocean may be unrealistic
(e.g., Holt et al. 2008; see Section V.E).
Confidence in projections of the potential
impacts of both natural and human-caused
alterations to marine ecosystems would
improve if density dependent effects and
interactions among species and between
hatchery and natural-origin salmon were
better known (Irvine and Fukuwaka 2011).
As recommended by ISAB in past reports
(e.g., ISAB 2003-3, ISAB 2007-2, ISAB 2011-
1, ISAB 2013-1), an adaptive management
approach involving carefully-designed
experimental releases of hatchery salmon
to address specific hypotheses would help
reduce scientific uncertainty about the
potential density dependent effects and
interactions of hatchery salmon on ESA-
listed species in both the Columbia Basin
and in marine ecosystems.
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Table IV.2. A brief overview of biophysical alterations to the ocean.

Alteration Impacts on biotic carrying capacity & productivity Key references

Regime A “regime shift” is a rapid (1-2 yr) climate-driven change from one Mantua et al.

shifts persistent state (decadal scale) to another. Natural regime shifts are | 1997, Anderson
associated with broad reorganization of marine communities and and Piatt 1999,
food webs, as observed during a multi-decadal state of the Pacific Hare et al. 1999,
Decadal Oscillation (PDO). Ecosystem effects in the Northern Hoof and
California Current (NCC) during positive (warm) PDO phases are an Peterson 2006,
analog for potential effects of global warming due to greenhouse ISAB 2007-2,
gas emissions. A warm (cool) PDO phase in the NCC is associated http://jisao.wash
with low (high) abundance and survival of Columbia River salmon, ington.edu/pdo/
warm (cool) sea surface temperature, low (high) biomass of lipid- PDO.latest; King
rich northern copepods, low (high) abundance of forage fish, and 2005, Alexander
high (low) abundance of predators such as hake. Ecologically et al. 2008;
important cool PDO regimes occurred during 1890-1924 and 1947- Overland et al.
1976 and warm regimes occurred during 1925-1946 and 1977 2008, 2010;
through, at least, the mid 2000s. A shift to a cooler PDO period Peterson 2009,
starting in winter 2007/2008 also may be ecologically important. In Abdul-Aziz et al.
the NCC ecosystem, natural regional mechanisms (atmospheric 2011, Biet al.
forcing and reduced sea-level pressure) may explain an apparent 2011, Johnstone
century-long warming trend (~0.5-1.0 °C, 1900-2012) in sea surface and Mantua
temperature. In the open ocean, the International Panel on Climate 2014, Litzow and
Change (IPCC) projected warming of sea surface temperatures due Mueter 2014
to global warming suggests a substantial shrinking of the amount of
preferred thermal habitat available to salmon and steelhead during
this century.

Ocean Ocean acidification is caused by a long-term increase in carbonic Kaeriyama et al.

acidification | acid, which forms when atmospheric carbon dioxide dissolves in 2004, Armstrong
seawater. Ocean acidification is amplified by human activities; for et al. 2008, Fabry
example, ocean uptake of atmospheric carbon dioxide from burning | et al. 2008,
of fossil fuels. Nitrogen oxides, sulfur oxide gases, and nutrients and | Guinotte and
organic carbon from wastewater discharge and runoff from land- Fabry 2008,

based human activities also contribute to ocean acidification. The
changes to seawater chemistry as carbonic acid breaks down include
an increase in hydrogen and bicarbonate ion concentrations and a
decrease in carbonate ion concentration and pH. Ocean acidification
reduces concentrations of aragonite, a biogenic calcium carbonate
that is used by many marine taxa to build skeletons, tests, and
shells. Ocean acidification is likely to have a large impact on oceanic
food webs of Columbia River salmon and steelhead, particularly in
regions where shelled zooplankton (e.g., pteropods) and squid are
preferred prey. Squid are very sensitive to acidic (low pH)
conditions, which interferes with oxygen binding at the gills,
reducing oxygen consumption and scope for activity.

Atcheson et al.
2012a, Feely et
al. 2012,
WSBRPOA 2012,
Lachkar 2014
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Hypoxia Along the Washington and Oregon coast, seasonal upwelling of Feely et al. 2012;
naturally acidic water from deep ocean layers intensifies the Connolly et al.
acidifying effects of global carbon dioxide emissions. Marine dead 2010; WSBRPOA
zones or low-oxygen (hypoxic) conditions indicate areas where high 2012, Lachkar
rates of decomposition of organic matter, which produces carbon 2014
dioxide, are contributing to ocean acidification. The Northern
California Current (NCC) ecosystem exhibits a natural history of
seasonal hypoxia. While it is not known if hypoxic events in the NCC
are becoming more severe due to ocean acidification, an extreme
hypoxia event (associated with increased upwelling) occurred over a
large area (~5,000 km?) of the Washington continental shelf in 2006
with dissolved oxygen concentrations below 0.5 mL/L at the inner
shelf. Interannual variability in hypoxia is associated with upwelling
of water with low dissolved oxygen concentrations and changes in
source water. Hypoxic events are most likely to affect Columbia
River salmon through bottom-up food web effects.

Hatcheries At present, ~5 billion juvenile hatchery salmon are released into the | ISAB 2003-3,
North Pacific Ocean and adjacent seas from hatcheries in Asia and 2007-2, 2011-1,
North America. Hatcheries introduce a relatively constant and large | 2013-1; Holt et
number of fish regardless of freshwater and ocean conditions. From | al. 2008,
the 1990s to present, ocean conditions favorable to pink and chum Ruggerone et al.
salmon, as well as increased hatchery releases, have contributed to 2010; Irvine and
increasing abundances of these species in both the eastern and Fukuwaka 2011
western subarctic North Pacific, while abundances of coho and
Chinook salmon in the eastern North Pacific Ocean have declined.

Artificial production strategies using hatcheries (ocean ranching) to

increase in-river harvests in the Columbia River, as well as industrial-

scale ocean ranching operations in Asia and Alaska, might limit the

recovery of ESA-listed Columbia River salmon due to density

dependent ecological (trophic) interactions in marine habitats.
Marine All anadromous Columbia River Basin fish that have been tested EPA 2002, 2009,
Pollution (spring/fall Chinook, coho, steelhead, lamprey, smelt) have some 2010, 2014; Kang

levels of toxic chemicals in their tissues, as well as in the eggs of
Chinook, coho, and steelhead. Little is known about the sources of
the toxic chemicals. Organic chemicals of environmental concern
(OCEC) in the marine environment include persistent organic
pollutants (POPs), polycyclic aromatic hydrocarbons (PAHs), and
plastics. Decomposing plastic debris can leach and absorb OCECs,
and some are known to cause endocrine disruption and
reproductive defects in aquatic organisms. In some North Pacific
regions, a decadal-scale increase (several orders of magnitude) in
concentrations of micro-plastic debris has created a new hard-

substrate ecosystem for marine organisms, dubbed the plastisphere.

These problems might be of particular concern for steelhead in the
open ocean because they consume more plastic than other species
of salmon, particularly when availability of preferred prey (squid and
fish) is low.

et al. 2007,
Teuten et al.
2009, ISAB 2011-
1, Atcheson et al.
2012b, Goldstein
et al. 2012,
Myers and
Mantua 2013,
Myers et al.
2013, Zettler et
al. 2013,
Farrington and
Takada 2014
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D. Life History Diversity Effects
on Carrying Capacity,
Productivity, and Resilience

A diversity of life histories for salmon
increases their ability to utilize a variety of
habitats, potentially increasing population
carrying capacity (Lichatowich and Mobrand
1995). In addition, the diversity of species,
populations, genes, and life history traits
within biological communities contributes
to ecological resilience by providing a
greater range of options to absorb, or
respond to disturbance and environmental
variability (ISAB 2013-1, Thorson et al.
2014). Species or populations with a diverse
set of life histories use more types of
habitats during each life stage (e.g., Bottom
et al. 2005a,b; 2011; Secor and Rooker
2005, Jones et al. 2014), thereby reducing
competition and potentially increasing
overall capacity of the habitat to support
the population (Figure 1V.3). Life history
diversity stems from the diversity of habitat
conditions and genetic/behavioral
adaptations of species to them (Waples et
al. 2009, ISAB 2011-4, 2013-5; Rieman et al.
2015). Life history diversity has been
diminished in the Columbia River Basin
owing to broad environmental alterations
and genetic changes in previously well-
adapted populations (ISAB 2013-1). The
crux of the issue is whether reduced life
history diversity imposes a type of reduced
carrying capacity, whereby the remaining,
more homogenized, population uses fewer
habitat types and hence can achieve only a
lower abundance.

The diversity of life histories typically
reflects a species’ physical or behavioral
responses to the variety of habitat types
and environmental conditions encountered

across the landscape or catchment (ISAB
2013-1, Rieman et al. 2015). For example,
key life histories of spring Chinook in the
Snake River Basin that may enhance
population carrying capacity include 1) fry
that emigrate from the natal river in March-
June and rear downstream, 2) age-0 smolt
that emigrate from natal streams in May-
June and enter the ocean in the same year,
3) parr that emigrate from natal streams in
July-November and overwinter in the
mainstem Snake River, and 4) smolts that
overwinter in the natal stream before
emigrating to sea as yearlings (Copeland
and Venditti 2009). Life history diversity
typically involves adaptations that have a
genetic basis, but density dependence may
still influence the expression, productivity,
and relative abundance of different life
history traits (Copeland et al. 2014). The
loss of specific life history adaptations
through habitat degradation, dams, or
mismanagement reduces options that could
confer resilience within a novel ecosystem.

Important drivers of reduced life history
diversity are habitat alterations and
hatchery programs. The diverse set of
habitats and populations that supported
native fish production has been simplified
by habitat loss and alteration. Further,
large-scale hatchery releases inhibit the
natural rebound in the productivity of the
natural-origin population, especially when
its abundance is low (Kostow et al. 2003).
Interbreeding of natural-origin and hatchery
fish, especially those from segregated
hatcheries, can reduce the genetic diversity
and associated life history traits that
support the fitness of natural-origin
populations (Araki et al. 2008, Fraser et al.
2011, Paquet et al. 2011, Christie et al.
2014)—thereby altering intrinsic
productivity and possibly population
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carrying capacity (see Chapter VI). The
effects of hatcheries on the environmental
conditions for natural-origin populations,
such as through concentration of predators,

Emergent Fry

T-1 T2 T-3

T-4

[J Stream and tidal fresh environments

disruption of food webs critical to habitat
carrying capacity, and influences on density
dependence, remain largely unknown
(Naiman et al. 2012).

Age (years) - Time

Age 0 - Spring

Age 0 - Summer

Age 0 - Autumn

Age 0 - Winter

Age 1 - Spring

Age 1 - Summer

O Estuary [0 Ocean

Figure IV.3. Life history diversity as expressed by the potential life-history pathways of juvenile
Oncorhynchus kisutch in the Salmon River from emergence to ocean entrance. (From Jones et

al. 2014).

Locally Adapted Traits. The ability of Pacific
salmon to return home to natal streams is
facilitated by sequential imprinting during
juvenile rearing and outmigration (Quinn
2005). Precise homing contributes to

reproductive isolation, which in turn
enables natural selection for unique, locally
adapted traits that confer a fitness
advantage to individuals and increases
productivity of the overall population.
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Locally adapted traits that evolved in
isolated populations (i.e., occupying
different habitats) created the life history
diversity within each species. Traits that
may differ among salmonid populations can
influence morphology, meristics, behavior
(e.g., timing of runs), development,
physiology, biochemistry, disease
resistance, and life history characteristics
(Taylor 1991, Garcia de Leaniz et al. 2007).
Expression of these characteristics is
complicated and depends on environment-
genetic interactions so that heritability
varies among traits (Fraser et al. 2011). A
review of quantitative genetic components
of fitness indicates that heritability in
salmonine fishes is highest for
morphological traits, intermediate for
behavioral and physiological traits, and
lowest for life history traits (Carlson and
Seamons 2008). Thus, the emergence of
novel ecosystems will have strong
influences on the expression and fitness of
life history traits.

There are many examples of local
adaptations of Pacific salmon that confer

some survival advantage (Sidebar IV.3;
Taylor 1991, Ramstad et al. 2010,
McGlauflin et al. 2011, Grant 2012, Thorson
et al. 2014), though the level of benefit is
sometimes difficult to evaluate without
controlled experiments. However, a meta-
analysis involving all salmonid fishes
reported some level of local adaptation in
70% of the investigations (100/143
comparisons) with local populations having
an average fitness benefit 1.2 times that of
non-local populations (Fraser et al. 2011).
The upshot is that loss of local adaptations
reduces the fitness, life history diversity and
future adaptability of the remaining
population, hence effectively reducing the
intrinsic productivity and carrying capacity
of the population and altering the density
dependent recruitment relationship (e.g.,
lower growth and survival at higher
density). The heritability and maintenance
of these traits are key reasons why high
levels of straying and interbreeding of non-
local hatchery salmon with local salmon
populations may lead to lower fitness
(Christie et al. 2014).

Sidebar IV.3. Locally adaptive traits are common and diverse.

Spawning sockeye body shape and ocean-age are linked to characteristics of the spawning
habitat: younger salmon with less body depth occur in shallower streams, whereas older and/or
deeper-bodied salmon occur in larger rivers or spawning beaches (Quinn 2005). These traits
enable salmon to prosper in more habitats than they might otherwise use, thereby increasing
population capacity. Juvenile salmon produced from parents spawning in a lake outlet stream
migrate upriver to reach the rearing habitat, whereas juveniles produced in inlet streams
migrate downstream to reach rearing habitat. Timing of adult spawning migrations (e.g., spring,
summer, fall, winter) and smolt emigrations to sea vary among populations even within a single
watershed (Bottom et al. 2005a,b; Jones et al. 2014). Some salmon populations are resistant to
specific diseases or parasites, whereas others are not, as shown by high mortality when certain
populations are introduced into areas with a pathogen. Overwinter water temperature affects
the development rates of embryos incubating in gravel, and spawning time varies adaptively
among populations in response to water temperatures typically experienced by the population
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in its specific habitat, leading to synchronized emergence timing that facilitates juvenile feeding
in the spring (Brannon 1987). The physiology of Fraser River sockeye salmon during upstream
migration varies among populations consistent with historic river temperatures, to which each
population has evolved adaptations that provide a survival advantage (Eliason et al. 2011).
Finally, a clear example of the survival benefit of locally adaptive traits is shown by the failure of
most transplanted salmon experiments within their native range, including those with pink

salmon (Reisenbichler 1988, Quinn 2005).

Straying of adult salmon to non-natal
streams allows for colonization of new
habitats, thereby potentially increasing
population capacity (Quinn 2005). Straying
tends to be higher among older individuals
within most species. Straying tends to be
lowest among natural-origin sockeye,
steelhead, and Chinook salmon, and higher
among natural-origin pink and chum
salmon. Straying rates tends to be lower
among species that spend considerable
time in freshwater (e.g., sockeye, steelhead)
than species that emigrate to sea soon after
emergence (e.g., pink salmon). Genetic
differences in relation to distance between
populations therefore tend to be greater for
sockeye, steelhead, and Chinook salmon
than pink and chum salmon (Wood 1995,
Hendry et al. 2004, Quinn 2005, Wood et al.
2008). This suggests that genetic control of
locally adapted traits is likely higher in
species such as sockeye, steelhead, and
Chinook salmon versus pink and chum
salmon. Furthermore, life history diversity
of populations is greater for sockeye,
steelhead, and Chinook salmon than pink
and chum salmon (e.g., Wood 1995, Seeb et
al. 2004, 2011).

Population life-history diversity is an
important characteristic for maintaining
abundant and relatively stable populations
that can support fisheries. Population
diversity effectively maximizes the capacity
of a region to support many populations

(e.g., Thorson et al. 2014). The analogy of
population diversity has been drawn to the
portfolio effect in financial markets in which
diversity in assets leads to greater financial
stability. An example of the stabilizing effect
of diverse populations is shown by natural-
origin sockeye salmon returning to Bristol
Bay, Alaska during the past 50 years.
Standardized variability (coefficient of
variation) in annual Bristol Bay salmon
returns was estimated to be ~“55% lower
than it would have been if the system
consisted of a single homogenous
population rather than the existing several
hundred discrete populations with diverse
life history traits (Hilborn et al. 2003,
Schindler et al. 2010). Furthermore, if it
were a single homogeneous population,
such increased variability would lead to ten
times more frequent fisheries closures.

Consequences for life history diversity and
population resilience. Loss of locally
adapted populations through extirpation or
introgression with non-adapted sources
lessens phenotypic and life history diversity,
overall productivity, and ecological
resilience. For example, the current narrow
temporal period of estuarine use by
juveniles and upstream spawners (Figure
IV.4; Thompson 1951, Bottom et al.
2005a,b) concentrates the feeding,
predation and social interactions of
hatchery and natural-origin fish. The net
result is density dependent effects on
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growth and survivorship. Likewise,
strongholds for native salmonids and
sturgeon are often small and isolated (Wild
Salmon Center 2015), significantly
constricting the diversity and resilience of
remaining populations. Genetic diversity
and the associated adaptive traits within
populations, plus the diversity among
populations across the landscape, are

central to maintaining robust and relatively
stable populations that can support
fisheries.

Novel ecosystem characteristics and life
history diversity have direct relevance to
density dependence. However, what is the
evidence that density dependence is strong
and widespread enough to be a serious
concern for management?
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Figure IV.4. Historical and contemporary early life history types for one brood-year of Chinook
salmon in the Columbia River estuary. Historical timing and relative abundance (top) based on
historical sampling throughout the lower estuary (Rich 1920). Contemporary timing and relative
abundance (bottom) derived from Dawley et al. (1986) sampling at Jones Beach. Data were
smoothed for appearance (from Bottom et al. 2005b, Fresh et al. 2005)
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V. Evidence for Density Dependence among Anadromous

Salmonids by Life Stage

The importance of density dependence in
the regulation of natural salmon
populations is well recognized in the
broader scientific literature. In this chapter,
we provide emerging evidence that
contemporary densities are reducing
productivity of salmon populations in the
Columbia Basin, implying that habitat
capacity is lower now than historically. The
issue here is not whether density
dependence occurs, but whether strong
density effects are being observed in
natural populations despite current
spawning abundances being much lower
than historical abundances.

We begin by presenting evidence of density
effects on productivity measured over the
entire life cycle of salmon and steelhead
(spawners to recruits), followed by
evidence during the spawning and
freshwater rearing stages, estuarine
rearing, and during residence in the ocean
(see map of study locations: Figure 1.2). This
information is supplemented with
experimental studies and information from
other watersheds for life stages where
information is lacking in the Basin (e.g.,
spawning, estuarine rearing, and the
ocean). Many of the examples provided in
this chapter include a mixture of natural
and hatchery salmonids, but testing for
density dependent effects of hatchery fish
was not an objective of most of these
investigations. The ISAB did not conduct an
exhaustive survey of studies within the
Basin, but we are confident that most well-
developed studies were considered in
writing this chapter.

In the next chapter (VI), we provide
evidence that competition involving
supplementation and large-scale hatchery
production may affect density dependent
relationships of natural salmonids. In
Chapter VII, we examine how predation
might affect these density dependent
relationships.

A. Life-cycle Density Dependence

Substantial recent evidence demonstrates
density dependence within many
populations of Chinook and steelhead in the
interior Columbia Basin (e.g., Zabel et al.
2006, Zabel and Cooney 2013, Walters et al.
2013a, Cooney 2014; Figure 1.2). This
evidence stems from recruitment curves
relating adult recruits (R) to the number of
parent spawners (S), which are central to
evaluating status and managing salmon
populations (reviewed in Chapter Il). The
slope of the recruitment curve indicates
productivity (R/S) at a specified density of
spawners. As noted in the 2014
supplemental Biological Opinion (NOAA
Fisheries 2014), high salmon densities can
greatly reduce productivity and should be
considered when examining population
recovery metrics such as productivity or
survival (NOAA Fisheries 2014). When
carrying capacity is exceeded, productivity
falls below 1 (or equivalently, log[R/S] < 0),
and recruitment will not be adequate to
maintain the high level of abundance.
Unfortunately, historical stock-recruitment
data from the late 1800s and early 1900s
are not available for comparison with
contemporary relationships.

ISAB Density Dependence Report]|73



1. Spring/summer Chinook

Density dependence was examined in 27
interior Columbia River spring and summer
Chinook populations representing the
Upper Columbia River Spring-Run
Evolutionarily Significant Unit (ESU) and the
Snake River Spring/Summer-Run ESU, brood
years 1980 to 2005 (Zabel and Cooney
2013). Of these 27 populations, 25
exhibited strong density dependence, as
shown by a steep decline in productivity
(adult returns per spawner)® at moderate
spawning abundances (Figure V.1). For
example, in the Tucannon River, predicted
productivity declined from ~1.7 adults per
spawner when 100 parents spawned to only
~0.2 adults per spawner when 900 parents
spawned. Thus, at very moderate spawning
abundances the population failed to replace
itself. As well, in the Lembhi River, predicted
productivity declined from ~2.3 adults per
spawner when 50 parents spawned to only
~0.1 adults per spawner when 600 parents
spawned.

The data in Figure V.1 show that many
populations are currently unable to replace
themselves at higher parent spawner
abundances. The investigators (Zabel and
Cooney 2013) did not provide estimates of
hatchery salmon on the spawning grounds,
but some populations include many
hatchery fish (see Chapter VI). The degree
to which overcompensation in the Ricker
model fits the data should be examined to
evaluate the likelihood of fewer adult

? All adult recruitment values in this report include
estimates of fish harvested in fisheries so that
productivity (R/S) is estimated before the onset of
the fishery. Thus, recruitment reflects productivity
in the absence of fisheries.

returns at the highest observed spawning
levels, especially in populations that are
being supplemented with hatchery fish.
Variability about the predicted regression
relationship (line) reflects density
independent factors and measurement
error.

2. Fall Chinook

Fall Chinook salmon returning to the Snake
River Basin (Snake River Fall-Run ESU)
exhibited density dependence during brood
years 1991-2009 (Figure V.2; T. Cooney,
NMFS, presentation to ISAB). Brood year
natural recruits increased with greater
spawning abundances up to ~6,000 fish and
then leveled off except for two large returns
from larger spawning escapements (brood
years 2007 and 2009). The parent
escapement levels in this analysis include
natural and hatchery returns to the
spawning grounds after harvest and
hatchery broodstock removals. Five of the
more recent years in the series had
spawning escapements (natural origin plus
hatchery origin) exceeding approximately
10,000 spawners. Natural production was
less than replacement for four of the five
brood years (Figure V.2, lower panel).
Evidence of overcompensation was
equivocal.
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Figure V.1. Evidence for density dependence in 27 Interior Columbia River spring and summer
Chinook populations, brood years 1980 to ~2005. Relationships based on the linearized form of
the Ricker model. Recruitment includes ocean and in-river harvests. Dashed lines represent 95%
prediction intervals for a specified number of spawners when regression was statistically
significant (P < 0.05). Values less than log[R/S] < 0 indicate R/S is less than 1. LS = Lower Snake
River, SF = South Fork Salmon River, MF = Middle Fork Salmon River, GR = Grande Ronde.
Source: Zabel and Cooney (2013).
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Figure V.1 continued. Evidence for density dependence in 27 Interior Columbia River spring and
summer Chinook populations, brood years 1980 to ~2005. Relationships based on the linearized
form of the Ricker model. Recruitment includes ocean and in-river harvests. Dashed lines
represent 95% prediction intervals for a specified number of spawners. Values less than
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Zabel and Cooney (2013).
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Figure V.2. Ricker recruitment relationship between adult recruits of fall Chinook salmon to the
Snake River and the abundance of spawners, brood years 1991-2009 (solid line, upper panel),
and the time series of recruitment data used to generate the recruitment relationship (lower
panel, 1976-2009). Recruitment in the upper panel includes fish harvested in the ocean and
river. The linear dashed line in both panels is the replacement line where recruits equal parent
spawners. Adult returns to the Snake River per spawner (R/S) is shown in the lower panel (thick
vertical bars; excluding harvests); R/S that incorporates ocean and river harvests (adult-
equivalent) is shown by thin vertical bars. Spawning abundance shown through 2013. Source: T.
Cooney, NOAA Fisheries, personal communication.
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3. Steelhead

Density dependence was observed in all 20
interior Columbia River steelhead
populations, brood years 1980 to 2008
(Figure V.3; Zabel and Cooney 2013). These
populations encompass three distinct
population segments (DPS): Upper
Columbia River, Snake River, and Mid
Columbia River. In the Wenatchee River
(Upper Columbia River DPS), the predicted
productivity declined from ~0.4 adults per
spawner when 500 parents spawned to only
~0.2 adults per spawner when 5,000
spawned. Adult returns per spawner in the
Wenatchee River and in three other Upper
Columbia River populations (Entiat,
Methow, Okanogan) typically did not
exceed replacement (i.e., R/S was < 1), even
at the lowest spawning levels, suggesting
that the current capacity of the rivers was
consistently exceeded or that intrinsic
productivity was too low, possibly in
response to degraded habitat and hatchery
supplementation (see hatchery
supplementation discussion in Chapter VI).

In the unsupplemented North Fork John
Day River (~5% hatchery strays; Mid
Columbia River DPS), predicted productivity
declined from ~3 adults per spawner when
500 parents spawned in the river to only
~0.2 adults per spawner when 5000 parents
spawned (Figure V.3). Investigations
involving steelhead in the Clackamas River
(Lower Columbia River DPS) also indicate
strong density dependent recruitment of
natural spawning winter-run steelhead,
including the influence of hatchery
supplementation with summer-run
steelhead on the natural-origin winter run
(Kostow et al. 2003, Kostow and Zhou

2006). The degree to which
overcompensation may or may not be
occurring in these and related populations
should be examined to determine whether
larger spawning populations are producing
fewer and fewer adult returns.

Furthermore, direct evidence of density
dependence to date does not account for
the number of adult steelhead produced by
resident rainbow trout spawners. For
example, pedigree analyses of Hood River,
Oregon steelhead returns indicates that
23% of anadromous steelhead genes come
from matings between two resident parents
(Christie et al. 2011). Thus, evaluations of
density dependence that include only
anadromous spawners may underestimate
the total number of adult spawners.

4. Life-cycle summary

These examples of salmon and steelhead
recruitment in the interior Columbia Basin
demonstrate that strong compensatory
density dependence has been observed in
most rivers where data have been
examined (26 of 28 Chinook and 20 of 20
steelhead populations), even though
natural spawners are much less abundant
now than historically. Few recruitment
relationships were available for the lower
Columbia Basin, such as the region below
Bonneville Dam. None of the life-cycle
recruitment relationships (Figs. V.1-3)
exhibits signs of depensation, suggesting
that if depensatory mortality does occur at
some life stages, it must be masked by
stronger compensatory mortality elsewhere
in the life cycle. The presence of
overcompensation was not evaluated in
most recruitment relationships. The
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widespread evidence of density
dependence among Chinook and steelhead
in the Upper Columbia and Snake River
basins indicates that density independent
factors, such as variable streamflow and
temperature, have not been sufficiently
strong to mask density dependent
relationships. These observations raise
several inter-related questions as to when
and where density dependence is occurring:

e What life stage(s) are responsible for
the density dependence shown in the
life-cycle recruitment relationships?

¢ Isthe density dependent response
related to the spawning stage where
adults compete for suitable habitat to
deposit their eggs?

e Or, do juveniles compete for rearing
habitat or prey in streams?

e Or, do they compete during both
spawning and juvenile stages?

Competition among salmonids for resources
may occur in natal rivers, downstream
reaches, the estuary, or the ocean.
Competition within natal rivers for
spawning or rearing resources primarily

involves individuals from within those natal
areas, including both hatchery fish and
other species. The recruitment relationships
described above likely involve competition
within natal rivers, but they may also reflect
dispersal and within-population
competition for downstream habitats, to
the extent that fish emigrate downstream
together. As juveniles emigrate
downstream from natal rivers, they
encounter additional juveniles from other
populations of the same or different species
that potentially compete for the same
resources. These potential interactions,
which are often elusive to untangle, are not
specifically estimated in the stock-
recruitment relationships described above,
but they are still important to the
production and resilience of each
population and to understanding habitat-
specific carrying capacity. Density
dependent interactions involving other
species can be examined using “extended”
recruitment models that attempt to use
additional variables to further explain
variability in the single-species recruitment
relationships (see Appendix |: How to
Measure Density Dependence).
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Figure V.3. Evidence for density dependence in 20 Interior Columbia River steelhead
populations, brood years 1980 to 2008. Relationships based on the linearized form of the Ricker
model. Recruitment includes harvests. Dashed lines represent 95% prediction intervals for a
specified number of spawners. Values less than log[R/S] < 0 indicate R/S is less than 1. UC =
Upper Columbia River, MC = Middle Columbia, JD = John Day, YR = Yakima River, GR = Grande
Ronde. Source: Zabel and Cooney (2013).
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B. Density Dependence during
the Spawning Stage

Competition for resources can lead to
density dependent effects during spawning
and incubation. Several behavioral
tendencies, including responses to
geological and hydrological features in
streams, tend to limit where spawning will
occur within a watershed. For instance, a
number of factors, such as stream
geomorphology, water temperatures, and
flow regimes influence which stream
locations are utilized for spawning (Beechie
et al. 2008; Appendix Il). Within these
stream segments, females respond to many
cues—including water velocity, depth,
substrate composition, channel gradient,
proximity to cover, and river, hyporheic,
and groundwater currents—to help identify
preferred spawning locations (Bjornn and
Reiser 1991). Also, the propensity to return
to natal spawning areas can further restrict
the portions of a watershed that fish
examine for potential spawning locations
(Quinn 2005). The end result is that only
relatively small portions of a stream may be
used for spawning and incubation.

Temporal restrictions on when spawning
takes place also exist. Embryonic
development in salmonids is largely
temperature-driven, and numerous studies
have shown that adult maturation timing is
strongly linked to the thermal regimes their
embryos are expected to experience during
incubation (Sheridan 1962, Brannon 1987,
Quinn et al. 2002, Beechie et al. 2006).
When optimal conditions for newly
emerged juveniles occur over a short period
of time, adult maturation and subsequent
spawning periods are temporally
compressed. Conversely, adult maturation
and spawning periods may become

protracted when optimal conditions for
juveniles occur over a broad period of time
or are variable (Brannon 1987, Webb and
McLay 1996). Thus, spawning site criteria,
homing, and juvenile temperature
requirements may constrain where and
when spawning occurs. Such limitations are
likely to create areas where numerous
females compete for spawning locations
and males compete for mates over a
narrow temporal timeframe, even with
seemingly low population abundances.
Under such circumstances, density
dependent factors are expected to affect
offspring survival and production (see
Appendix Il for further details).

Few studies in the Columbia Basin have
examined density dependence of salmon
during the spawning and incubation periods
(but see Cooney et al. 2013 and 2014 in
section V.C below). Most information
presented here is based on experiments
conducted on spring Chinook salmon in the
Cle Elum Supplementation Research
Facility’s observation stream (Schroder et
al. 2008) and on Puget Sound chum salmon
placed into the University of Washington’s
Big Beef Creek spawning channel (Schroder
1973, Schroder 1977, S Schroder
unpublished data).

1. Separating Density Dependent from
Density Independent Effects

Sedimentation, streamflow, water
temperatures, freezing, and desiccation can
be responsible for significant mortality
during spawning and incubation. The effects
of such density independent factors on a
spawning population need to be quantified
or controlled before it is possible to assess
the impacts of density dependent factors.
This can be difficult to accomplish because
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both types of influences operate
simultaneously on a population. One way to
distinguish the effects is by observing fish
reproducing in a controlled environment
such as a spawning channel or controlled-
flow stream. In such a setting, water flows,
gravel composition, and spawner densities
can be manipulated to expose the effects of
density dependent and density
independent factors. Artificial streams have
been used to examine how differing levels
of competition for spawning locations affect
spawning behavior and fry production in
chum and Chinook salmon. Results from
this work, described below, have shown
that under some circumstances adult
spawning behavior and offspring survival
and production can be impaired by
compensatory density effects. A question
posed when controlled environments are
used in this manner is whether the results
obtained are applicable to fish spawning
under natural conditions. Fish movements
may be constrained and environmental
conditions are typically less variable than in
nature. Additionally, fish could be
anesthetized, tagged, and transported to
such sites, all of which may affect their
reproductive behavior. Despite these
possible effects, the ability to manipulate
environmental and social conditions and
avoid the consequences of confounding
factors allows insights to be gained that
might otherwise be overwhelmed by
natural variation.

2. Compensatory Density Effects
Compensatory density effects are likely in

spawning aggregations where resident
females compete for egg burial locations.

They may also take place if a spawning
location is sequentially used by different
females, regardless of species, over the
course of a spawning season (see Appendix
). Field work performed in nature and in
artificial streams indicates that under high
instantaneous densities (> 1 female/m?)
mean redd sizes decrease (Figure V.4) and
the occurrence of agonistic or aggressive
interactions, particularly among
neighboring territorial females, escalates
(Figure V.5). The fact that females
vigorously defend redd locations and are
not easily evicted often means that some
females will be forced to seek new
spawning locations, perhaps in less optimal
areas. Conversely, some may remain and
attempt to reuse spawning areas that
become available after a previous resident
dies or is too weak to defend her location.
In the latter case, significant increases in
egg retention rates, pre-spawn mortality
(Figure V.6) and redd superimposition (the
repeated use of the same spawning location
by multiple females) may occur (Figure V.7).

Of all of these effects, redd superimposition
accounts for the greatest mortality. For
example, Fukushima et al. (1998) estimated
that hundreds of thousands of eggs were
dislodged per day when 1,000 pink salmon
spawned in a 125-m long segment of a
southeastern Alaskan stream. Most eggs
dislodged by superimposition perish due to
mechanical shock or consumption by
predators and scavengers. In aggregate, the
use of spawning areas by multiple females,
either at the same time or over the course
of a spawning season decreases the number
of offspring that each individual female can
produce (Figure V.8).
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Figure V.4. The effects of spawner densities on redd sizes in chum (A) and spring Chinook
salmon (B). Each point represents a mean value taken from fish spawning in discrete sections of
the Big Beef Creek spawning channel (chum), Puget Sound (Hood Canal), Washington, or a
controlled-flow stream located at the Cle Elum Supplementation Research Facility (spring
Chinook), Yakima River, Washington. Grid systems and the cross section paper method (Welch
1948) were used to determine the surface area of redds for 98 chum salmon and 127 spring
Chinook salmon. Chum salmon data came from Schroder (1977) while spring Chinook data were
provided by S Schroder (unpublished data).
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Figure V.5. The average number of attacks per minute experienced by chum salmon spawning
under different densities in sections of the Big Beef Creek spawning channel, Puget Sound
(Hood Canal), Washington. Each data point represents the mean number of agonistic
interactions courting pairs experienced when preparing to spawn. The activities of 141 females
and 123 males were recorded for 2,842 minutes. Source: Schroder (1973) and S Schroder
(unpublished data).
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Figure V.6. Relationship between egg retention and spawning densities in chum (A) and spring
Chinook salmon (B) spawning in controlled-flow streams. Data points are mean values obtained
from 43 separate groups of chum and 20 distinct groups of spring Chinook salmon. Egg
retention values were obtained from 840 chum and 119 spring Chinook. The chum salmon
relationship came from Schroder (1973) and information from Schroder et al. (2008) was used
to create the spring Chinook figure.
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Figure V.7. The occurrence of redd superimposition at different instantaneous spawning
densities in chum salmon placed into sections of the Big Beef Creek spawning channel, Puget
Sound (Hood Canal), Washington. Each dot represents the percentage of a spawning area that
was used by more than one female as determined by using grid systems placed over nine
sections of the Big Beef Creek spawning channel. Source: Schroder (1973, 1977).
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Figure V.8. The effect of spawning densities on fecundity-to-fry survival in chum (blue/grey dots
and line) and spring Chinook salmon (black dots and line). Data collected on 480 females placed
into sections of the Big Beef Creek spawning channel, Puget Sound (Hood Canal), Washington,
were used to create the chum salmon relationship while similar data obtained from 90 females
spawning in the Cle Elum observation stream, Yakima River, Washington, were used to
generate the spring Chinook association. The steeper slope of the Chinook relationship suggests
that this species may not be as tolerant to high spawning densities as chum salmon. Source:
Schroder (1974) for chum salmon and Schroder et al. (2008) for spring Chinook.
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Data collected on upper Yakima River spring
Chinook and Puget Sound chum salmon
were used to create Figs. V.4-V.8. Chum
salmon along with pink and sockeye often
reproduce in dense aggregations and are
likely to possess adaptations that
accommodate high instantaneous spawning
densities. Chinook, coho, and steelhead on
the other hand, spawn under lower
densities and thus may not be similarly
adapted. Figs. V.4, V.6, and V.8 tend to
support this contention. For example, as
shown here, redds in Chinook salmon start
to decrease in size when densities are
greater than or equal to 0.025 females per
m? (1 female per 40 m?). A comparable
compression in chum salmon redd size does
not occur until densities exceed 0.10
females per m? (1 female per 10 m%)—a
fourfold difference. Similarly, egg retention
rates start to increase at densities an order
of magnitude lower in Chinook salmon than
in chum. In combination, these and other
behavioral differences allow chum salmon
females to convert more of their eggs to fry
when instantaneous densities exceed 0.10
females per m? (Figure V.8), suggesting that
they are more tolerant to high spawning
densities than Chinook. Thus compensatory
density dependence during spawning
appears to occur at much lower densities
for Chinook salmon than in species adapted
to higher densities such as chum salmon.
This relationship may contribute to the
strong density dependence observed in a
number of Chinook populations in addition
to competition for resources during rearing
(Figs. V.1, V.2). For example, there is
evidence of crowding on the spawning
grounds by Snake River fall Chinook during
recent years of high spawning escapement
(T. Cooney, NOAA Fisheries, personal
communication).

Less is known about the effects of
compensatory density dependence during
incubation. Heard (1978) examined the
disappearance of millions of pink salmon
eggs and alevins in a small southeastern
Alaskan stream and implicated a form of
compensatory density dependence referred
to as scramble competition.'® He found that
oxygen levels in the stream were adequate
to support millions of pink salmon eggs
during early development. However, as the
oxygen demands of the developing eggs
increased, many died due to oxygen
deprivation. Their deaths increased the
biological oxygen demand in the intra-
gravel environment and created a run-away
process that led to the destruction of over
70% of the 11 million eyed eggs that were
alive at the beginning of the last half of the
incubation period. How important scramble
competition for oxygen might be in other
spawning locations is unknown. However,
as suggested above, a number of factors
tend to restrict where salmon spawn which
could lead to high concentrations of eggs
that might be susceptible to scramble
competition for oxygen. Scramble
competition for oxygen has also been
implicated in significant pink and sockeye
salmon pre-spawning mortality events

' Two basic forms of compensatory dependence
occur: contest (or interference) and scramble (or
exploitation) competition (Chesson 2001). In contest
competition there are winners and losers as
individuals compete for defensible resources. During
spawning this may occur among females for egg
burial locations or among males for potential m