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OVERVIEW OF THE GEM DOCUMENT

The Gulf of Alaska Ecosystem Moritoring and Research (GEM) Program
document describes the basic morutoring and research program and the scientific
background behind the development of essential program components Chapters 1
through 5 explain the basic motivations for the program, conceptual foundation,
tools and strategies for achueving program goals, and program implementation and
management Chapters 6 through 9 present the factual basis for the program
mcluding detailed descriptions of two mmportant components of the program 1)
modeling (Chapter 8) and 2) data management and mnformation transfer (Chapter
9) Table O 1 1dentifies the question addressed by each chapter and the products

provided

Table O 1 Contents of the GEM Program Document

Title
Chapter Question Addressed Products
1 Vision Mission and goals
Why do this and what do we hope to Geographic scope, funding and governance
achieve?
2 Conceptual Foundation Central hypothesis
How do we think the ecosystem works?  Habitat types and time-space scales
3 Tools and Strategies Tools Gap Analysis Synthesis, Research
What information do we need and how MOnltorlng, “:IOdel'"g and Data
do we get 1t? anagemen
Strategies Community Involvement and
Traditional Knowledge, and Resource
Management Applicability
4 Program Implementation Potential questions by habitat type
Where are we going to start and how Program implementation and partnering
will we proceed? (This chapter is
expected to change over time )
5 Program Management Program admintstration
What are the processes and policies for  Roles and responsibilities of the GEM
monitoring and research? components
6 Introduction to the Scientific Leading hypotheses in marine ecosystems

Background

What are the theones and principles on
which the conceptual foundation 1s
based?

Principal ecological concepts and theories
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Table O 1 Contents of the GEM Program Document

Title
Chapter Question Addressed Products

7 Scientific Background Physics Biology  Overview of physical chemical and
Human Uses and Economics biological characteristics of the Gulf of
Comprehensive review of the current Alaska
state of scientific knowledge of Gulf of Status of non-human populations predators
Alaska ecosystems and prey

Status of human activities and socio-
economics In the GOA

8 Modeling Modeling definitions and options for program
What 1s the role of modeling in GEM? implementation

9 Data Management and Information Data management and informatton transfer
Transfer options for program implementation
What are the roles of data management
and information transfer in GEM
implementation?

A Acronyms and Web links

B Recovery Status of Injured Resources

C EVOS Tribal and Community Involvement

D GEM Database

E Glossary of Existing Agency Programs and Projects

F North Pacific Models of the Alaska Fisheries Science Center and Other Selected
Organizations

G Fish And Invertebrate Species From
1996 NMFS Trawl Survey Of The Gulf Of Alaska

H Collected Research Questions

OVERVIEW
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EXECUTIVE SUMMARY

On March 24, 1989, the T/V Eaaon Valdez ran aground on Bligh Reef m Prince
William Sound, spilling almost eleven million gallons of North Slope crude o1l
The event was the largest tanker spill m U S history, contaminating approximately
1,500 miles of Alaska’s coastline, killing birds, mammals and fish, and disrupting
the ecosystem m the path of the spreading o1l In 1991, the Exxon Corporation
agreed to pay the United States and the State of Alaska $900 muillion over ten years
to restore, replace, enhance, or acquire the equivalent of natural resources mjured
by the spill, and the reduced or lost human services they provide (Uruted States of
America and State of Alasha 1991) Under the court-approved terms of the
settlement, the Eaaon Valdez O1l Spill Trustee Council (Trustee Council) was formed
to admuruster the restoration funds, and 1 1994 the Eaxon Valdez O1l Spill
Restoration Plan was adopted to guide the development and implementation of a
comprehensive, mterdisciphnary recovery and rehabilitation program

The knowledge and experience gamned during years of biological and physical
studies 1 the aftermath of the Exxon Valdez o1l spill (EVOS) confirmed that
understandimng the sources of changes 1n marme resources and ecosystems requires
putting those changes mto an historical context Toward this end, in March 1999 the
Trustee Council dedicated approximately $120 milhon for long-term monitoring
and ecosystem-based research within the area affected by the 1989 o1l spill, which 1s
generally the northern Gulf of Alaska (GOA), mcluding Prince Wilham Sound,
Cook Inlet, Kodiak Island, and the Alaska Penunsula This new program 1s called
the GEM (the Gulf of Alaska Ecosystem Monitoring and Research) Program, and its
muission 1s to

Sustamn a healthy and biologically drverse marine ecosystem n the
northern Gulf of Alaska (GOA) and the human use of the marine
resources n that ecosystem through greater understanding of how
1ts productivity 1s mfluenced by natural changes and human
actiotties

The Trustee Council identified five major goals necessary to accomplish thus
mission

e Detect' Serve as a sentinel (early warning) system by detecting annual and
long-term changes in the marme ecosystem, from coastal watersheds to the

central gulf,

¢ Understand Identify causes of change in the marme ecosystem, mcluding
natural variabon, human influences, and their mteraction,

e Inform. Provide integrated and synthesized mnformation to the public,
resource managers, industry and policy makers m order for them to
respond to changes m natural resources,
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e Solve Develop tools, technologies and mmformation that can help resource
managers and regulators improve management of marine resources and
address problems that may arise from human activities, and

e Predict Develop the capacity to predict the status and trends of natural
resources for use by resource managers and consumers

Given the size and complexity of the northern GOA ecosystem and the
available funding, the GEM Program alone can not meet these goals For that
reason, the Trustee Council adopted a set of additional goals for implementing the
program These call for the GEM Program to

¢ Lead the way m mtegrating, synthesizing, and mterpreting monitoring and
research results to form and convey a “big picture” of the status of and trends
m the GOA ecosystem,

e Track work of other entities relevant to understandmg biological production in
the GOA and coordmate GEM with those efforts,

¢ Leverage funds to augment ongomng monitoring work funded by other entities,

¢ Involve other government agencies, non-governmental organizations,
stakeholders, policy makers, and the general public i a collaborative process to
achieve the mission and goals of GEM,

e Increase commurnuty mvolvement and local and traditional knowledge m order
to enhance long-term stewardship of living marine resources, and

e Facilitate application of GEM research and monitormg results to benefit
conservation and management of marimne resources

To fully achieve 1ts mission, GEM must provide information that enables
resource-dependent people, such as subsistence users, recreation users, and
commercial fishers, to better cope with changes 1n marme resources The data and
mformation produced by GEM durmng its first decade may not totally solve
problems for the public, commercial interests, resource managers, and policy
makers faced with environmental change Nonetheless, as mformation
accumulates, the ability for GEM to provide problem-solving information and tools
can and must increase

The GEM Program 1s based on the current state of knowledge about the natural
factors and ecological impacts of human activities that cause change mn the GOA
Within the northern GOA, offshore and nearshore marme, estuarine, freshwater
and terrestrial environments interact with geologic, climatic, oceanographic, and
biologic processes to produce highly valued natural bounty and exceptional
beauty The GOA provides habitat for diverse and abundant populations of fish
and shellfish, marine mammals and seabirds It 1s a major souxce of seafood for the
entire nation, as well as for Alaska Natives, who rely on 1t for subsistence and
cultural purposes It 1s also a source of beauty and mspiration for those who love
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nature and part of the “lungs” of the planet for recyching of oxygen and carbon to
and from the atmosphere As a result of both human mnfluences and natural
processes, these important attributes are continually changing

Populations of important marine resources in the northern GOA have
undergone major changes, especially since the late 1970s Salmon catches of all
species, and especially of sockeye, have remained near record levels for two
decades, with annual catches sigruficantly greater than those m the three decades
ending in 1979 Shrimp and red king crab have fallen to extremely low levels in the
gulf since 1980, i sharp contrast to the very high levels in the two prior decades
Kodiak's red kang crab fishery, once among the world’s richest, has been
completely closed since 1984 As shrimp and crab declined, cod, pollock and
flatfish, such as arrowtooth flounder, have rapidly mcreased Some marine
mammals associated with the gulf, such as sea hons, harbor seals and
overwintering fur seals, have steadily dechined smce 1980 Other species, such as
sea otters and elephant seals, have been on the rise for more than a decade
Colorues of seabirds, such as black-legged htthwakes, common murres and
cormorants have shown declines since about 1980 i some coastal localities, such as
Prince Willhiam Sound and central Cook Inlet, but not in others Overall, many
species and populations associated with nearshore habitats in the GOA have
dechned smce about 1977, whereas species and populations having access to
offshore gulf habitats have generally increased

The GOA and its watersheds are part of a larger oceanic ecosystem in which
natural physical forces such as currents, upwelling, downwelling, preciprtation and
runoff, play important roles m determining basic biological productivity Natural
physical forces are shaped by the surface topography of the GOA and the
submarme topography of the continental shelf and respond primarily to seasonal
shifts in the weather, and mn particular to long-term changes m the mtensity and
location of the Aleutian Low Pressure system Increased upwelling offshore
appears to increase mputs of nutrients to surface waters, which in turn increases
productivity of plankton, the basis of the food chain and the primary food source
for all marine life Increased winds appear to increase the transport of zooplankton
shoreward toward and past the continental shelf-break How often and how much
offshore zooplankton sources contribute to coastal food webs depends on natural
physical and biological forces such as predation, migration, currents, fronts, and
eddies, degree and extent of turbulence, and responses of plankton to short and
long-term changes m temperature and salmity

The ecological mpacts of a wide range of human uses and activihies interact
with these natural forces to change the productivity and commurty structure m
the GOA More than 70,000 people hive within the area directly affected by the o1l
spdl, and two to three times that number use the area seasonally for work and
recreation When combined with the population of the nearby centers of Anchorage
and Wasilla, plus nearly a milhon tourists who visit the state each year, it becomes
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clear that the natural resources of the GOA cannot be immune to the pressures
assoclated with human uses and activities

Human activities have the most direct and obvious mmpacts at those sites mn
watersheds and mtertidal areas where human populations are high Crude o1l and
fuel tanker traffic, increasing tourism and recreational use, expanded road
building, and growmg commercial and sport fishing pressure could have
mcreasmg effects on marme resources and ecosystems Some human activities
affect populations of birds, fish, shellfish, and mammals even far offshore, and also
have mmpacts far from the sites of the actions Large scale fishing that occurs in
mternational waters impacts Alaska resources In addition, recent evidence of
persistent organic pollutants and heavy metals i fish and wildlife tissues mn the
gulf mdicate that this region 1s not immune from worldwide concerns about
potential effects of contaminants on marme orgarusms and on human consumers,
particularly Alaska Native subsistence users

In short, human activities and natural forces act together over local and global
scales to drive and shape marne and terrestrial life m the GOA and 1its tributary
watersheds This conceptual foundation 1s summarized into a central hypothesis
that will guide the GEM Program

Natural forces and human actrotties workimg over global to local scales
bring about short term and long lasting changes mn the brological
commumities that support birds, fish, shellfish and mammals Natural
forces and human activities bring about change by altering relationships
among definmng characteristics of habitats and ecosystems such as heat
and salt distribution, insolation, brological energy flow, freshwater flow,
brogeochamucal cycles, food web structure, fishery impacts, and pollutant
levels

This broad, mterdisciplmary hypothesis states what 1s thought to be known in
general, prepares the way for questions that test the validity of this knowledge and
serves as a flexible framework for determinung the type of monitoring and research
activities that will be undertaken mn implementing the GEM Program

Smce the gulf ecosystem under consideration 1s extremely complex and consists
of thousands of species, 1t also will not be possible for GEM to answer all, or even
most, of the questions that could be posed about the GOA Four habatat types,
representative of the GEM region, have been identified as themes around which the
mterdisciplinary mornatoring and research activities that address GEM's central
hypothesis will be organuized These habitat types are watersheds, the intertidal
and subtidal areas, the Alaska Coastal Current, and the offshore areas (the
continental shelf break and the Alaska Gyre) The habitats are composed of
1dentifiable, although not rigid, collections of characteristic microhabitats, resident
and mugratory species, and physical features The decision to use habitats as a
mechanism for stratifyng funds and allocating resources will require the GEM
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Program to ensure that such cross-habitat processes and inkages as freshwater
flow and cross-shelf nutrient transport are not forgotten or ignored

The GEM central hypothesis can be translated mto a hypothess for each of
these habatat types However, before they can be used to guide research, they need
to be further refmed mto questions which can then be used to 1dentify a core set of
measurements for long-term morutoring The GEM Program will use the tools of
gap analysis, synthesis, and modeling to develop a series of mitial research
questions and to continually refine and implement GEM's long-term core
monutormg program The “flagship” of GEM will be a long-term morutoring
program that will be mamntamed even if funding levels vary The momtoring
component will be complemented by strategically chosen research projects These
projects will follow up on Iingering effects of the Exaon Valdez o1l spill, explore
questions and concerns that arise out of interpretation of the monitoring data,
especially i trying to understand the causes of change, and provide key
mformation and tools for management and conservation

To further develop the program, the Trustee Council will use two major
strategies incorporating community mvolvement and traditional knowledge and
focusing on resource management applhications Commuruties and stakeholders
must be mvolved at all levels of the program The Trustee Council beheves that
encouraging local awareness and participation in research and monitormg
enhances long-term stewardship of living marine resources In addrtion, traditional
and local ecological knowledge can provide important observations and insights
about changes mn these resources In order to enhance the information managers
and stakeholders use to cope with these changes, the GEM Program will seek to
acquire data with sigruficant potential for use m resource management
applcations

The hypotheses, research questions, tools and strategies will all be used to
develop a Science Plan for GEM The goal of the Science Plan 1s to implement a
long-term monitoring program to detect and understand change over time within
the northern Gulf of Alaska ecosystem The Science Plan will develop over time
and mclude an implementation schedule, partners doing related monutoring or
research, models to synthesize results and transfer mformation to users, core
monutormg variables, and core momtoring activities

The GEM Program will be admunistered by the Trustee Council’s core
professional staff, based m Anchorage, Alaska Funds will be provided by the
Trustee Council’s mmvestment fund, managed as an endowment, with the annual
program funded by mvestment earnings after mflation-proofing The Trustee
Council’s executive director will oversee the frnancial, program management and
admirustrative, scientific, and public involvement aspects of the program The
Trustee Council and staff will actively solicit advice on science and policy matters,
mcluding review of monitoring and research activities, from experts, mcludmng a
Scientific and Techmical Advisory Commuattee (STAC), and from the pubhc,
mcluding the Trustee Council’s Public Advisory Commuttee

Jury 2002 EXECUTIVE SUMMARY ES-5



GULF EcosYSTEM MONITORING AND RESEARCH PROGRAM

The STAC will play a key role m guding the GEM Program and ensuring a
high degree of scientific credibility 1s mamntamed Subcommuttees composed of
scientists, resource managers, stakeholders, and other experts and community
members will be established to assist the STAC The STAC and subcommuttees will
work with resource managers, stakeholders, the scientific community and the
public to refine a common set of priorities for research and monitorng in the
northern gulf

Independent peer review of the GEM Program 1s essential for a high-caliber
scientific program Participation m research and monitoring 1s expected to be
completely open to competition All data must be documented, archaved,
maintamed, and readily accessible to other scientific users and the public In order
for GEM to be successful, 1t will be necessary to integrate, synthesize, and mterpret
monitormg and research results to form and present a “big picture” of the status of
and trends m the northern GOA ecosystem One approach is through the use of
periodic “State of the Gulf” and “State of the North Pacific” workshops and
reports Another 1s use of the GEM web site  The Trustee Council 1s commutted to
public mput and outreach as vital components of the long-term GEM Program

Data management and mformation transfer policies are an mtegral part of GEM
Program management Clear and effective approaches to gathering mformation
and makling 1t widely available n understandable formats are essential to the
successful operation of the GEM Program Because the program 1s a regional
program with goals of cooperation, coordmation, and mtegration with existing
marine science programs, data policies are to be compatible with, and simular to,
existing norms for state, federal, and nongovernmental marine science programs

The GEM Program cannot be the sole solution to problems facing the northern
Gulf of Alaska ecosystem However, a permanent fund, dedicated to monitoring
the long-term health of a marine ecosystem, 1s totally unique and provides an
unparalleled opporturuty to increase our understanding of the functioming of this
system The Trustee Council views the GEM Program as a permanent legacy of its
efforts to restore the northern Gulf of Alaska from the effects of the 1989 Eaaon
Valdez o1l spill And for that reason, the Trustee Council beheves that the program
must be justified on what 1t can teach policy makers, resource managers, and the
public about options for directing human behavior to achueve the GEM nussion “to
sustain a healthy and biologically diverse marme ecosystem and the human use of
the marmne resources in that ecosystem ”
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1. VISION

In This Chapter

»  Omngm of the GEM Program

» Mission and Goals Identified for the Program
» Geographic Scope, Funding and Governance
>

Building on Lessons of the Past

On March 24, 1989, the T/V Eaaon Valdez ran
1.1 Introduction aground on Bligh Reef in Prince William Sound,

spulmg almost eleven mullion gallons of North
Slope crude o1l The event was the largest tanker spdlin U S history,
contaminating approxmmately 1,500 muiles of Alasha’s coastline, klhng birds,
mammals and fish, and disrupting the ecosystem 1 the path of the spreadmng o1l
In 1991, the Exxon Corporation agreed to pay the Uruted States and the State of
Alaska $900 million over ten years to restore, replace, enhance, or acquire the
equivalent of natural resources mjured by the spill, and the reduced or lost human
services they provide (United States of America and State of Alaska 1991) Under
the court-approved terms of the settlement, the Eaxon Valdez O1l Spill Trustee
Council (Trustee Council) was formed to admunuster the restoration funds, and mn
1994 the Eaaon Valdez O1l Spill Restoration Plan was adopted to guide the
development and mmplementation of a comprehensive, mterdisciplmary recovery
and rehabilitation program

Thurteen years after the spill, total recovery has still not been achieved
Appendix B presents the current information regarding the recovery status of
resources mjured by the spill There are still two main concerns about ngering
effects of the spill The first 1s the potential effect of pockets of residual oil 1n the
environment The second concern 1s the ability of a population to fully recover by
overcoming changes in the population dynamics resulting from the 1rutial o1l-
related mortalities and the interaction of these effects with other kinds of changes
and disturbances m the marme ecosystem

The knowledge and experience gamed during years of biological and physical
studies m the aftermath of the Exaxon Valdez ol spill (EVOS) confirmed that a solid
historical context 1s essential to understand the sources of changes m valued
natural resources Toward this end, in March 1999 the Trustee Council dedicated
approximately $120 mullion for long-term monitorng and ecosystem-based
research in the northern Gulf of Alaska (GOA) Thus new program 1s called the
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GEM (Gulf of Alaska Ecosystem Momtoring and Research) Program Funding for
the GEM Program comes from an endowment, with an annual program funded
through mvestment earnmgs, after allowng for nflation-proofing and modest
growth of the corpus

A program rooted 1n the science of a large-scale ecological disaster 1s uruquely
suited to form the foundation for ecosystem-based management In making the
decision to allocate these funds for a long-term program
of momtoring and research, the Trustee Council explicitly

resources of the spill area recogruzed that complete recovery from the o1l spill may
requires increased knowledge of not occur for decades, and that full restoration of these

critical ecological information resources will most likely be achueved through long-term

about the northern GOA observation and, as needed, restoration actions The

Trustee Council further recogruzed that conservation and
mproved management of these resources and services
would require substantial ongomg mvestment to improve understanding of the
marme and coastal ecosystems that support the resources, as well as the people, of
the spill region Improving the quality of information available to resource
managers should result in improved resource management Inaddition, prudent
use of the natural resources of the spill area without compromusing their health and
recovery requures mcreased knowledge of critical ecological mformation about the
northern GOA  This knowledge can only be provided through a long-term
morutoring and research program that will span decades, if not centuries

Prudent use of the natural

The origmal nmussion of the Trustee Council’s
1.2 Mission Restoration Program, adopted in 1993, was to
“efficiently restore the environment mjured by the
EVOS to a healthy, productive, world-renowned ecosystem, while taking into
account the importance of the quality of hife and the need for viable opporturuties
to establish and sustamn a reasonable standard of living ”

Consistent with this mussion and with the ecosystem approach to restoration
adopted by the Trustee Council m the 1994 Eaxon Valdez Oil Spill Restoration Plan,
the nmussion of the GEM Program 1s to

Sustain a healthy and biologically diverse marme ecosystem in the
northern Gulf of Alaska (GOA) and the human use of the marine
resources i that ecosystem through greater understanding of how
1ts productivity 1s mfluenced by natural changes and human
activities

In pursuit of this mission, the GEM Program will accomplish the following:

* Sustamn the necessary mstitutional infrastructure to provide scientific
leadership i 1dentfying research and monitoring gaps and priorities,

*  Sponsor monutoring, research, and other projects that respond to these
1identified needs,
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= Encourage effictency m and integration of GOA morutoring and research
activities through leveraging of funds and interagency coordination and
partnerships, and

* Promote local stewardship by involving stakeholders and having them help
plan, guide, and carry out parts of the GEM Program

In adopting this mission, the Trustee Council acknowledges that, at times,
sustaining a healthy ecosystem and ensuring sustamable human uses of the marmne
resources may be in conflict In those mnstances, the goal of achueving a healthy
ecosystem will be paramount The Trustee Council also acknowledges that, at this
time, clearly defined measures for assessing “ecosystem health” are lacking (NRC
2000) These measures will be incorporated mnto the program as they are
developed

F1ve major goals have been 1dentified as necessary
1.3 Goals to accomplish the GEM nussion Attaming all

five, however, will require several decades Two
of these goals may be attamnable withun the early decades of operating the GEM
Program, given sufficient funding and collaboration with other partners

1 Detect Serve as a sentinel (early warning) system by detecting annual and
long-term changes in the marme ecosystem, from coastal watersheds to the
central gulf, and

2  Understand Identify causes of change m the marmne ecosystem, mcluding
natural variation, human influences, and their interaction

Two other goals provide an essential piece of the foundation for a long-term
program Although these goals are likely to be fully realized only after the first
decade of operating the GEM Program, shorter-term accomplishments should be
achieved sooner

3 Inform. Provide mtegrated and synthesized mformation to the public,
resource managers, mdustry and policy makers mn order for them to
respond to changes m natural resources, and

4 Solve Develop tools, technologies and information that can help resource
managers and regulators improve management of marine resources and
address problems that may arise from human activities

The fifth goal 1s mherently long-term and difficult to achieve, but of
considerable potential value to resource users and managers It serves more as a
long-range beacon to guide the design of monitoring activities, than as a goal to be
attained within the near term

5 Predict Develop the capacity to predict the status and trends of natural
resources for use by resource managers and consumers
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During the process of learmung how to detect and understand change mn the
northern GOA, resource managers and the concerned public should collect
mcremental dividends on their nvestment m GEM Ultimately, however, the
benefits will be maxmuzed over the long run To fully achueve 1ts mission, GEM
must provide mformation that enables resource-dependent people, such as
subsistence users, recreationalists, and commercial fishers, to better understand
and therefore hopefully cope with changes in marine resources The data and
mformation produced by GEM during 1ts first decade may not totally solve
problems for the public, commercial interests, resource managers, and policy
makers faced with environmental change Nonetheless, as information
accumulates, the ability for GEM to provide problem-solving mformation and tools
can and must mncrease

Given the size and complexity of the northern GOA ecosystem and the
available funding, 1t will not be possible to meet these goals with only the data
collected by GEM Addressing the program goals will requure achieving the
followmg mmplementation goals

* Lead the way i mtegrating, synthesizing, and mterpreting monitoring and
research results to form and convey a “big picture” of the status of and
trends i the GOA ecosystem,

» Track work of other entities relevant to understanding brological
production in the GOA and coordinate GEM with those efforts,

* Leverage funds to augment ongomng monitoring work funded by other
entities,

* Involve other government agencies, non-governmental organizations,
stakeholders, policy makers, and the general public in a collaborative
process to achueve the mission and goals of GEM,

* Increase commumnuty involvement and local and traditional knowledge mn
order to enhance long-term stewardship of hving marine resources, and

»  Facilitate application of GEM research and monitoring results to benefit
conservation and management of marine resources

The substantial experience of the EVOS Restoration Program indicates that
these six implementation goals are reasonable, necessary, and attamable
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Consistent with the Restoration Plan, GEM
1.4 Geographic Program activities will occur within the area
Scope affected by the 1989 o1l spill, which 1s generally

the northern GOA, ncluding Prince Wilham
Sound (PWS), Cook Inlet, Kodiak Island, and the Alasha Peminsula (Figure 1 1)
Recogmzimng that the marine ecosystems affected by the o1l sp1ll do not have
discrete boundaries, some monitoring and research activities may extend mto
adjacent areas of the northern GOA
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Figure 1 1 Map of the spill area showing the location of communities

The primary geographic focus of GEM will be the four habitat types that
contam the ecosystems of the northern GOA These habitats are the watersheds,
intertidal and subtidal, Alaska Coastal Current (ACC), and offshore (the
continental shelf break and the Alaska Gyre)

Although GEM has a regional outlook, the waters of the GOA are connected to
adjacent waters Waters from the shelf and basmn of the GOA eventually enter the
Bering Sea and the Arctic Ocean through the Bering Strait Waters from the west
coast states (California, Oregon, and Washington), Canada and southern Alaska
also feed mto the northern GOA Consequently, the program will be of vital
mmportance mn understanding the downstream Bering Sea and Arctic Ocean
ecosystems, as well as the upstream southern GOA In addition to the linkages
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provided by the movements of ocean waters, the GOA 1s Iinked to other regions by
the many species of birds, fish, and mammals that move through these regions It
15 also becoming mcreasmgly clear that environmental conditions i the GOA, such
as levels of persistent organic pollutants, as well as the temperature of GOA waters,
can originate many thousands of miles away

The Trustee Council 1s aware of the trade-offs between the size of the area to be
studied and the frequency and intensity of the monitormg and research that can be
conducted there In selecting core varables for long-term research and monitoring,
the GEM Program will need to ensure that measurements are conducted at the
spatial and temporal scales necessary to achieve the desired goals of the program
For this reason, much thought must be given to the selection of the variables and
the 1dentification of the subset of the northern GOA that can reasonably be
morutored by a program the size of GEM It 1s antictpated that partnermng with
other agencies and programs will help extend the GEM research area beyond that
which GEM could fund on 1ts own However, because of its critical importance to
meeting the program’s goals and objectives, core monitoring based on a set of core
variables will be fully supported by the GEM Program

The Trustee Council will fund the GEM Program

1.5 Funding and beginmung m October 2002 with funds allocated

Governance for long-term monitoring and research, estimated
to be approximately $120 million The Trustee
Council will manage these funds as an endowment, with the annual program
funded by investment earmungs after inflation-proofing, thus providing for a stable
program through time The Trustee Council may choose to fund a smaller program
m the early years to allow the corpus of the fund to build The Trustee Council’s
long-term goal 1s to allow for additional deposits and donations to the fund from
other sources to mcrease the corpus Achieving this goal might require changes m
state or federal laws and possibly a change in the court-approved settlement and
will be pursued at a later time

Under existing law and court orders, three state and three federal trustees have
been designated by the Governor of Alaska and the President of the Uruted States
to admuruster the restoration fund, which includes fundmng for GEM, and to restore
the resources and services injured by the o1l spill The State of Alaska trustees are
the Commussioner of the Alaska Department of Environmental Conservation, the
Commussioner of the Alaska Department of Fish and Game, and the Attorney
General The federal trustees are the Secretary of the Interior, the Secretary of
Agriculture, and the Admurustrator of the National Oceanic and Atmospheric
Admirustration, US Department of Commerce

The trustees established the Trustee Council to admuruster the restoration fund
The state trustees serve directly on the Trustee Council The federal trustees each
have appoimnted a representative in Alaska to serve on the Trustee Council The
representatives currently are the Seruor Advisor to the Secretary for Alaskan
Affairs (Department of the Interior), the Alaska Drrector of the National Marine
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Fisheries Service (National Oceanic and Atmospheric Administration), and the
Supervisor of the Chugach National Forest (U S Department of Agniculture) All
decisions by the Trustee Council are required to be unanmous

It 1s expected that the current Trustee Council will make policy and funding
decisions for the GEM Program It has been suggested that at some time m the
future, a new board or oversight structure other than the Trustee Council be
established to admiruster or guide the GEM fund It 1s also possible that an existing
board, erther under 1ts current structure or with mmor modifications, could take
over management of the fund Use of a new governance structure, if justified,
would require changes m law and the applicable court decrees Such changes
would take considerable time and are not anticipated in the near future

The GEM Program 1s not the first attempt to look

1.6 Building on at large areas of Alaska’s marimne ecosystems from
Lessons of the a broader perspective The Eaaon Valdez O1l Spill
Past Restoration Program, as well as a number of other

programs, provides valuable guidance This
section briefly describes some of these programs and their relevance to the
development of GEM

1 6 1 Alaska Regional Marine Research Plan (1993)

The Alaska Regional Marine Resear ch Plan (ARMRP) (1993) 1s a marimne science
planning document with a broad geographuc scope that was prepared under the
US Regional Marine Research Act of 1991 ARMRP goals express the scientific
needs of the Alaska region as of 1992 and are still relevant to the GEM effort

* Distinguish between natural and human-mduced

changes m marme ecosystems of the Alaska region,

Goals of other major
» Distinguish between natural and human-induced programs are relevant
changes in water quality of the Alaska region, lo the GEM effort

* Stimulate the development of a data gathering and
sharing system that will serve scientists n the region from government,
academua, and the private sector in dealing with water quality and
ecosystem health 1ssues, and

* Provide a forum for enhancing and mamtaming broad discussion among
the marme scientific commurty on the most direct and effective way to
understand and address 1ssues related to mamtaining the health of the
water quality and ecosystem health in the region

1 6 2 Bering Sea Ecosystem Research Plan (1998)

The Bering Sea has received considerable attention because of concern about
long-term declines in populations of high-profile species such as king and tanner
crab, Steller sea lions, spectacled eiders, Steller’s exders, common murres, thick-
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billed murres, and red-legged and black-legged khittwakes (DOI et al 1998b) The
GEM nussion 1s consistent with the vision of the federal-state regulatory agencies
for the Bering Sea Ecosystem Resear ch Plan (DOI et al 1998a), which states “We
envision a productive, ecologically diverse Bering Sea ecosystem that will provide
long-term, sustained benefits to local communities and the nation ” The basic
concepts of the GEM Program are also consistent with the overarching hypotheses
of the Bering Sea plan

163 GLOBEC (1991 to Present)

The Scientific Commuttee on Oceanic Research (SCOR) and the
Intergovernmental Oceanographic Comnussion (IOC) established the Global Ocean
Ecosystem Dynamics (GLOBEC) program m late 1991 GLOBEC 1s the core project
of the International Geosphere-Biosphere Programme responsible for
understanding how global change will affect abundance, diversity, and
productivity of marne populations The program focuses on the regulatory control
of zooplankton dynamics on the biomass of many fish and shellfish

The GLOBEC Science Plan (U S GLOBEC 1997) describes an approach that uses
a combination of field observations and modeling to concentrate on the nuddie and
upper trophic levels of the ecosystem The overarching concept 1s that marme and
terrestrial ecosystems have close connections among energy flow, chemical cyching,
and food web structure  GEM morutoring activities will be consistent with
GLOBEC concepts

1 6 4 Scientific Legacy of the Exxon Valdez Oil Spill (1989 to Present)

Ecological knowledge gained in the years following the 1989 Eaaon Valdez Ol
Spill forms a substantial portion of the foundation of the GEM Program In1994
the Exaon Valdez O1l Spill Restoration Plan was adopted to guide the development
and implementation of a comprehensive, interdisciplinary recovery and
rehabilitation program The recovery status of each affected resource 1s based to
the extent possible on knowledge of the resource’s role in the ecosystem The
scientific legacy of the Eaaon Valdez O1l Spill Trustee Council (Trustee Council)
creates the need to understand the causes of population trends in individual
species of plants and animals through time and the need to distinguish human
mmpacts from those of climate and mteractions with related species

The studies supported by the Trustee Council since 1989 mnclude more than
1,600 damage assessment studies costing more than $100 million, as well as
hundreds of restoration studies costing approximately $170 million These studies
have resulted i more than 500 peer-reviewed scientific publications, mcluding
numerous dissertations and theses In addition, hundreds of peer-reviewed project
reports are available through the Alaska Resources Library and Information
Services (ARLIS) and state and uruversity hbrary systems Many final reports are
available in electromc format through the Trustee Council offices or ARLIS A
current electronic bibliography of scientific publications sponsored by the Trustee
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Council 1s available on 1ts web site (www oilspill state ak us) or on request to the
Trustee Council (EVROTCB 2002) A Iist of Trustee Council projects, as well as a
complete list of final and annual project reports, also 1s available on the web site or
on request (EVROFAB 2002)

In addition to much specific mformation on the effects of o1l on the plant and
animal Iife i the spill area, the studies also provide a wealth of ecological
mformation Most promunent among the Trustee Council’s studies are three
ecosystem-scale projects, known by their acronyms SEA, NVP, and APEX

The Sound Ecosystem Assessment (SEA) 1s the largest of the three studies
Funded at $22 nmillion for a seven-year pertod SEA brought together a team of
scientists from many different disciphines to understand the biological and physical
factors responsible for producing herring and salmon mm PWS The data collected
durmng SEA are expected to form the basis of numerical models capable of
simulating the oceanographic processes that mfluence the survival and
productivity of juvenile pink salmon and herring m PWS SEA has already
provided new msights mto the critical factors that mfluence fisheries production,
including ocean currents, nutrient levels, mixing of water masses, salimty, and
temperatures These observations have made 1t possible to model how physical
factors mfluence production of plant and anumal plankton, prey, and predators n
the food web

The Nearshore Vertebrate Predator (NVP) project 1s a six-year, $6 5 million
study of factors limiting recovery of two fish-eating species, river otters and pigeon
guillemots, and two mvertebrate-eating species that mmhabit nearshore areas,
harlequin ducks and sea otters The project looked at o1l exposure, as well as
natural factors such as food availability, as potential factors mn the recovery of these
mdicator species, and has contributed to increased understanding of the linkages
between terrestrial and marme ecosystems

The Alaska Predator Ecosystem Experiment (APEX) 1s an eight-year,
$10 8 milhon study of ecological relations among seabirds and their prey species
The APEX project explored the critical connection between productivities of marme
bird populations and forage fish species, 1n an attempt to understand how wide-
ranging ecological changes might be related to fluctuating seabird populations In
addition, analyzing the food of marine birds shows promise in providing
abundance estimates for key fish species, such as sand lance and herring

The following topics also have been covered by other Trustee Council-funded
studies and the results are available mn published scientific Iiterature

* Physical and biological oceanography,
* Marmne food web structure and dynamacs,
» Predator-prey relationships among birds, fish, and mammals,

» The source and fate of carbon among species,
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* Developmental changes i trophic level within speces,
* Marme growth and survival of salmon,

* Interhdal community ecology, and

* Early Iife history and stock structure m herrmg

Many studies have focused on key mdividual species mjured by the oil spill,
mcludmg pmk and sockeye salmon, cutthroat trout, Pacific herring, black
oystercatchers, river otters, harbor seals, mussels, and kelp

One of the most extensive series of smgle-species mvestigations 1s the
$14 mullion suite of pmk salmon studies These mnclude monutoring the toxic effect
of o1l, conducting genetic studies related to survival, and supplementing select
populations Another extensive series of studies was done on Pacific herring
Roughly $6 milhion has been spent on the restoration of Pacific herring i addition
to the funding for the herring component of SEA Smce the crash of 1993, the
population has yet to recruit a hughly successful post-spill year-class Current
mvestigative strategies are focused on the full range of causes of the crash, such as
disease and ecological factors, including the effects of oceanographic processes on
year-class strength and adult distribution and understandmng stock structure

More than $6 mullion has been spent on the restoration of marime mammals,
primarily harbor seals, a major source of subsistence food in the diet of Native
Alaskans i the northern GOA Harbor seal populations were declining before the
spul, took a big hit at the time of the spill event, and have continued to decline ever
smce, although the rate of decline seems to have slowed Food availability 1s the
major focus of current research, because disease and other factors have been ruled
out as causes

165 Trustee Council Commitment to Traditional Knowledge and
Community Involvement

From 1995 -2002, the Trustee Council provided almost $2 million to the
Chugach Regional Resources Commuission to facilitate the mmvolvement of local
communities m the o1l spill restoration program and improve commurication
between spill area residents, commurnity councils, regional orgarzations, scientists
and the tribal commuruty The facilitators and coordmnators have been active
participants m all the GEM planning workshops and meetings This project has
also funded the development of natural resource management plans mn several
villages, whach tribal representatives believe are a necessary step before
mcorporatng tribal concerns mto the GEM Program

This long-term project (1995-2002) was designed to

* Increase meaningful mvolvement of spill area commuruties mn the Trustee
Council restoration efforts/ process,
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* Provide mformation to commuruties regardmng data and scientific research
performed by the Trustee Council science program,

» Improve communication of findings and results of restoration efforts to
spill area residents, village councis, and the appropriate regional

organizations,

* Promote the inclusion of community-based projects, as well as commuruty
mvolvement 1n science projects throughout the hife of the restoration effort,

»  Work with the formation of local natural resource management programs
that will focus on the stewardship and management of mjured resources
and lands, and

* Develop a means to compile and utilize western science and traditional
wisdom 1n a cooperative manner to further the restoration process m ways
that are sensitive to the needs of the communities

The Chugach Regional Resources Commussion coordmated this project by
employmg commuruty facilitators m ten communuties, and a spill area-wide
communty mvolvement coordmator who facilitated communication between the
commuruties, the Trustee Council, and scientists

Also since 1995, the Trustee Council has funded Youth Area Watch programs
through the Chugach School District and Kodiak Island Borough School District
These programs mnvolve youth from local spill area communities n the science
behind the restoration effort As of 2002, 168 students have participated n the
Prmce Wilham Sound and Kodiak programs with students participating m such
projects as harbor seal biosampling, seabird momitormg, collection oceanographic
data on cruises, and analyzing chemucals found mn intertidal mussels

In 1994 the Trustee Council received its furst call from a commurty resident to
mcorporate Traditional Ecological Knowledge (TEK) of spill area residents mto the
restoration program Two years later, the Trustee Council’s 1996 annual restoration
workshop had TEK as 1ts theme, and led to a set of protocols for mcorporating TEK
mto restoration projects developed by a comnuttee of Alaska Natives and others
and approved later that year by the Trustee Council The Trustee Council has
provided funds each year since 1995 toward the goal of incorporating TEK 1nto the
restoration program Efforts have mcluded

* Developmg a TEK handbook and reference guide for biologists
documenting the sources of TEK m the spill area and incorporating 1t mto a
western science approach

= Providing funds for Chugach Regional Resource Commussion (CRRC) to
contract with TEK expert Henry Huntington for seven years He has
worked directly with Alaska Native elders and hunters as well as scientists
to bridge the gap between these two different approaches to understanding
the natural world A result of this process 1s that several EVOS projects
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mcorporate TEK directly mto their data sets and results, mncluding projects
on community natural resource management, fish and seabird studies, and
a series of films about Alutuq culture (see examples below)

Conducting two workshops to develop tribal management programs and
bringing several scientists to spill area commuraties to share mformation

Examples of projects mcorporating TEK as a result of Trustee Council efforts

mgclude

Scientist Jody Seitz conducted an extensive project mvolving TEK
Researchers mterviewed thirty-nine spill area commumnity members to
document the hustorical distribubion of forage fish such as juverule herring,
sand lance, capeln, and eulachon This information was mapped and
provided to the APEX and SEA researchers The results were extremely
valuable because they could not have been obtained from other historical
sources or from current data collection efforts

Scientist Dan Rosenberg solicited local participation from commuruties and
conveyed results of his research on surf scoters, an important subsistence
resource The project idea came from local commuruties Rosenberg
worked with commuruty members throughout all stages of the project,
from project design to writing the final report

The Trustee Council provided funding support to the Alaska Native
Harbor Seal Commnussion, which uses Alasha Native hunters to conduct
biosampling of harbor seal tissues using lab-approved techriques In 1999,
the commussion reached an agreement with the National Marine Fisheries
Service to co-manage harbor seal populations

Three videos have been produced with Trustee Council funds to provide
the public information about TEK and concerns about subsistence use after
the o1l spill The first two, Alutng Pride A Story of Subsistence and Changing
Tides 1n Tatitlek describe subsistence methods, mterview Alaska Native
people who experienced the spill first hand, show actual subsistence hunts,
and 1llustrate the importance of subsistence m Alutnq culture The third
documents the commuruties of Chenega Bay and Ouzinkie mn relation to the
effects of the o1l spill, residual o1l in the spill region, and concerns about
paralytic shellfish poisorung toxins, natural toxins found 1n clams harvested
for food These videos were distributed at no charge to all schools n
Alaska via therr school districts, all spill area tribal councils, and any other
library or school m the US upon request

The Trustee Council funded Elders/Youth Conferences m 1995 and 1998 that
brought together Alaska Native elders, youth, other subsistence users, scientists,
and managers to share 1deas about subsistence 1ssues and facihitate community
mvolvement The Trustee Council paid for four people from each of twenty spill
area commurnuties to attend each conference Participants shared stories, voiced
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frustration, and asked screntists questions about subsistence 1ssues  They also
developed 1deas for youth to get more involved through spirit camps, mternships,
and educational opportunities These workshops facilitated collaboration between
communuties of the spill area, while concerns and 1deas generated at the conference
were reported to the Trustee Council

Additional details on the Trustee Council’s tribal and commuruty mvolvement
efforts are included m a report mn Appendix C
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2. CONCEPTUAL FOUNDATION AND CENTRAL
HYPOTHESIS

In This Chapter

» Conceptual Foundation

A\

Central Hypothesis

Habutat Types and Time-Space Scales

vV Y

Central Hypothesis by Habitat Type

The mtellectual framework of the GEM Program
2.1 Introduction to 1s a hierarchy composed of a conceptual

the GEM foundation, central hypothests, habitat-specific
Conceptual hypotheses, research questions, and ultimately,
Foundation testable hypotheses based on the specific

questions (Figure 21) Four habrtat-specific
hypotheses, based on the central hypothesis,
form the core of the GEM morutoring plan The conceptual foundation provides an
overarching explanation, or verbal model, of how the Gulf of Alaska (GOA)
ecosystems produce biological resources As such, the conceptual foundation 1s not
itself a testable hypothesis on the sources of change m ecosystems, but rather, the
origin of hypotheses, both general and testable Habitat-specific hypotheses are
based on assumptions about how natural and anthropogenic factors influence
ecosystem functioning within each of the habitat types, recogmzing that different
factors may be important m different habitats This chapter presents the narrative
of the GEM conceptual foundation for the GOA, addresses cross-habitat
connections and regional variability, and adapts the narrative of the conceptual
foundation to describe the four habtat types used by GEM

2.1.1 The GOA at a Glance

The conceptual foundation for the GOA ecosystem explains how 1ts plant and
animal populations are controlled through ttme A broad, mterdisciphinary
conceptual foundation serves as a flexible framework
for determining the type of momtormg and research

activities that will be undertaken mn mplementing the The conceptual foundation
GEM Program The conceptual foundation 1s the focuses on how the marine
product of syntheses of the latest scientific mformation ~ €cosystem in the GOA works

and an assessment of leading ecological hypotheses It
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encapsulates the Trustee Council’s understanding of how the GOA operates as an
ecological system and how its biological resources, including highly valued
populations of animals, are regulated.

GEM MISSION AND GOALS

LA
-
Conceptual Foundation

£
Central Hypothesis
and Questions

Scientific background &
general research questions

Gap Analysis

Specific questions
& information needs

. ‘.2
Initial core variables
& research agenda

Figure 2.1. Overview of the GEM Program structure showing the relation of key concepts to the habitat
types, implementation tools, and the schedule of implementation.

Specific citations to the scientific literature are omitted for the sake of brevity,
however these may be found in the scientific synthesis of Chapter 7. Taking the
watersheds and marine areas of the GOA together at a single glance, the
importance of key geological features in shaping the natural physical and biological
forces that control productivity is apparent (Figure 2.2). Note that features
illustrated in Figure 2.2 are printed in bold in the following text. Natural forces are
shaped by the surface topography of the Gulf. Storm tracks moving across the
North Pacific from west to east can drive Aleutian Low Pressure Systems
(Aleutian Low) deep into the GOA until the encounter with boundary mountains
causes the release of precipitation and airborne contaminants. Freshwater runoff
strengthens the Alaska Coastal Current (ACC) even as it brings airborne and
terrestrial pollutants into the watersheds and food webs.

Natural forces that control biological productivity are also shaped by the
submarine topography (bathymetry) of the continental shelf. Deep waters upwell
across the continental shelf break, subsequently being carried across the photic
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boundary into areas of photosynthetic activity by the motion of surface
currents, (Alaska Coastal Current, ACC, Alaska Current, AC), lunar forcing, the
motion of the earth, and tidal mixing These deep waters carry old carbon and
nutrients up mnto the food webs of the shelf and onshore areas Where the deep
waters encounter 1slands, seamounts and sills, the resulting currents may deform
the boundaries of the frontal zones of the ACC (mad-shelf front) and AC (shelf-
break front), creating eddies that entrain plankton and other plants and arumals
for long periods of time

Natural physical forces control productivity by imiting the amount of food and
availability of habitats During the winter especially, the Aleutian Low produces
wind-driven transport of surface marme waters (Ekman transport), bringing water
onshore Movement of water onshore creates downwelling that takes plankton
and associated nutrients out of the photic zone On the other hand, the wind may
act to hold the nutrients dissolved mn water and held m detritus in the photic zone
m some areas, because wind also produces turbulence that mixes the surface
water Turbulent mixing causes nutrients to be retamed m surface waters, and
retention increases production of phytoplankton, the base of the food web in
surface waters Production of zooplankton, secondary productivity, 1s the trophic
connection (linkage) of phytoplankton to production of forage fish, which m turn
Iinks primary productivity to seabirds, large fish, marine mammals, and benthic
and intertidal communities

The biogeochemucal cycle 1s an important collection of natural biological and
physical processes controlling the productivities of both marme and terrestrial
environments The mecharusms that move carbon from the surface to the deep
waters, are known collectively as the carbon pump Atmospheric carbon moves
mto seawater as carbon dioxide to be mcorporated by phytoplankton during
photosynthesis Carbon also enters the sea as carbonates leached from the land by
freshwater runoff, as plant debrs, and as other biological input, such as
mmugrations of salmon (salmon fry) and other anadromous species Carbon
moves to benthic commuruties and to deep water as detritus and enugrant arumals
(overwintering copepods and migrating fish such as myctophids) Enugrant
arumals (adult salmon and other anadromous species) also move marine carbon
(and phosphorous and rutrogen) into the watersheds

As 1llustrated by the mteractions of biological and physical components of the
biogeochemical cycle, natural biological forces modify the effects of natural
physical forces on birds, fish, and mammals Because of biological-physical
mteractions, natural physical forces that cause changes in primary productivity do
not necessarily cause proportional changes m populations of birds, fish, mammals,
and benthic animals For example, the effects of physical forces on the amount of
food available from primary productivity are modified through other natural
forces, such as predation and competition among individuals, collectively known
as the trophic linkages Populations that respond strongly to physical forcing of
primary productivity on approximately the same time scales are termed “strongly
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coupled,” and those that exhibit variable responses are termed “weakly coupled”
with respect to those physical variables Note that physical forcing changes not
only the food available from primary productivity, but also the extent of habitats
available for reproduction and feeding

Human actions also serve to change the ways m which populations of plants
and animals respond to the natural physical forces that affect the responses of
reproduction, growth, and survival through lmuting food and habitat Human
actions such as water withdrawals, sewage discharge, and development of coastal
communities change productivity by altermg habitat availabihty and trophic
hinkages The economy of Alaska depends heavily on extrachion of natural
resources (primarily o1l, fish, and shellfish followed by timber and minerals)
Fishing and other extractive uses (subsistence, sport, commercial) affect death
rates through removals Other forms of human action are more subtle, but no less
effective, controls on productivity In the Northern Gulf of Alaska, recreation and
tourism, o1l and gas development, logging, road building and urbamization, marme
transportation and subsistence harvests are all activities that have the potential to
affect fish and wildlife populations and habitat Recreation and tourism may alter
growth and reproduction by disturbing rookeries and mtroducing pollutants
Commercial marine transport may alter productivity by mtroducing pollutants (o1l
spills) and noxious exotic species as competitors and predators Currently, the
human mmpact on Alaska’s marme ecosystems 1s relatively small compared to
mpacts m most of the developed world Even here, however, natural resource
managers have concerns about localized pollution, the potential impacts of some
fisheries, extreme changes m some fish and wildlife populations, and the hittle
known mmpacts of contaminants and global warming

In summary, Figure 2 2 shows that the GOA and 1its watersheds are part of a
larger oceanic ecosystem i which natural physical forces such as currents,
upwelling, downwelling, precipitation and runoff, acting over large and small
distances, play important roles in determimng basic biological productivity
Natural physical forces respond primarily to seasonal shifts in the weather, and in
particular to long-term changes mn the intensity and location of the Aleutian Low in
winter Increased upwelling offshore appears to mncrease mputs of nutrients to
surface waters, which mcreases productivity of plankton Increased winds appear
to mncrease the transport of zooplankton shoreward toward and past the shelf-
break How often and how much offshore zooplankton sources contribute to
coastal food webs depends on natural physical and biological forces such as
predation, migration, currents and structure of the fronts, formation and stability of
eddies, degree and extent of turbulence, and responses of plankton to short and
long-term changes 1n temperature and saluty

A wide range of human mmpacts mteracts with natural biological and physical
forces to change productivity and commuruty structure m the GOA
Approximately 71,000 full-time residents hive within the area directly affected by
the o1l spill and two to three times that number use the area seasonally for work

v
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and recreation The spill area population, combined with that of the nearby
population centers of Anchorage and Wasilla, totals more than 60percent of the
state’s 627,000 permanent residents When the resident population 1s combined
with the more than one million tourists who visit the state each year, 1t becomes
clear that the natural resources of the GOA cannot be immune to the pressures
associated with human uses and achivibes Human activities have the most direct
and obvious mmpacts at those sites in watersheds and intertidal areas where human
populations are high Nonetheless, some human activities affect populations of
birds, fish, shellfish, and mammals far offshore, and also have impacts far from the
sites of the actions In short, human activities and natural forces together act over
global to local scales to drive and shape marme and terrestrial life in the GOA and
its tributary watersheds

Because of the tremendous uncertainty about sources of long-term changes, the
conceptual foundation does not provide a specific model (testable hypothesis) for
ecosystem change Rather, the GEM conceptual foundation 1s designed to be broad
enough to serve as a tool to organize thinking and research over long time periods,
to encompass ecosystem interconnections, and to link information from traditional
knowledge and scientific disciphnes It takes mto account both ocearmc and
terrestrial ecosystems and addresses the influence of chimate and human activity n
mfluencing biological productivity within these mterconnected systems By using
thus broad, scientifically grounded conceptual foundation, the GEM Program will
be able to adapt to changes m understanding ecosystem processes without having
to sacrifice long-term research and monutormg goals (NRC 2002)

The GEM Program will, however, need to develop specific testable hypotheses,
as denved from a general, or central hypothesis, mn order to implement the
monitormng and research program As a start on a central hypothesis, consider the
one provided by the National Research Council (NRC 2002, p 27), as follows,

The Gulf of Alaska, 1ts surrounding watersheds, and human populations
are an mterconnected set of ecosystems that must be studied and
monzitored as an mtegrated whole Within this interconnected set, at
time scales of years to decades, chmate and human impacts are the two
most important driving forces i determumng prunary production and 1ts
transfer to upper trophic-level orgamisms of concern to humans

The NRC summary 1dentifies chmate and human impacts as the two most
mmportant determmants of biological production, among the many forcing factors
recognized as sigruficant in the conceptual foundation Nonetheless, the biological
commuruties that support the birds, fish and mammals are subject to a varety of
biological and physical agents and factors of change, any one of which can at times
play an important, and even dominant, role in controlling populations of birds,
fish, shellfish and mammals A formal statement of the central hypothesis that
starts with and considers the full suite of forcing factors 1s needed to allow research
and morutoring to 1dentify the most important forcing factors for species and
habutats of the GEM region
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Identifying the forcing factors, human and

2.2 The Central natural, that drive biological production requures
Hypothesis and  framing hypotheses and questions that pomt the
Habitat Types way for a scientific monitormg and research

program The central hypothesis formally states
widely held beliefs about what drives changes i Iiving marme-related resources in
time and space

Natural forces and human actioities workmg over global to local
scales bring about short term and long lastimg changes m the
brological communities that support birds, fish, shellfish and
mammals Natural forces and human activities bring about change
by altering relationships among defiming characteristics of habitats
and ecosystems such as heat and salt distribution, msolation,
biological energy flow, freshwater flow, brogeochemcal cycles,
food web structure, fishery impacts, and pollutant levels

Although widely accepted as fact, the specific mechanisms that cause change
are largely untested m the GEM region, and the relative importance of the forcing
factorsis unknown Current speculations, supported by limited observations, are
that forcing by winds, precipitation, predation, currents, natural competitors for
food and habutat, fishenes, and pollutants change living marmne-related resources
over different scales of time and space through alteration of critical properties of
habitats and ecosystems (Figures 2 3 and 2 4)

determinants
of habltat
Production of avallability
i \
species
temperature / Productwities composttion
ated of onshore and relative
At her assoclate
r:dosp o levels of Status of offshore food abundances
Sondtions » lanktonl ud webs and rates of
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Trophic
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Figure 2 3 Possible connections among specific mechanisms and agents of change in living marine-related
resources

Although the central hypothesis may appear to be a bland statement of the
obvious, 1t 1s an essential first step in applying the scientific method to address the
many open, and sometimes highly contentious, scientific questions about whether,
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and to what extent, human activities are responsible for degradation of habatats
and declmes i populations of animals The central hypothesis states what 1s
thought to be known mn general, preparing the way for questions that test the
validity of this knowledge For example 1t 1s reasonable to ask of the central
hypothesis, “What are the natural forces and are they equally important mn all types
of habitat?” Crnitically examuming the starting point through posing and answering
questions, 1s ntended to pomt out the need for more specific hypotheses, which mn
turn lead to more specific questions, and so forth

The marine ecosystem in the northern Gulf of Alaska (GOA) depends on the
nature of connections between heat and salt distnbution nsolation biological
enery flow brogeochemical cycling and food web structure Natural changes
and human activities bring about changes in the populations of birds fish
shellfish and mammals by altering these connections

Bird
populations

Fish

Heat and Food web
salt structure
Human distribution y
lations
uses & ——% popu
impacts Insolation
=
’ Shellfish
’ populations
Natural
forcing % Biological
factors Biogeochemical
cycling Mammal

populations

Figure 2 4 Relations among major parts of the GEM conceptual foundation

The central hypothesis 1s given more specificity through adaptation to habitat
types in the following sechon Before adding specificity to the central hypothesis,
the habitat types need defimition, and the context of conducting studies at time-
space scales approprate to the phenomenon needs to be provided

To better organize the GEM Program, four habitat types, representative of the
GEM region, have been identified as themes around which the mterdisciplnary
monitorng and research activities that address GEM's central hypothesis will be
organized These habitat types are watersheds, the mntertidal and subtidal areas,
the ACC, and the offshore areas (the continental shelf break and the Alaska Gyre)
These habatats were selected after evaluating mformation about how natural forces
and human activities control biological productivity in the northern GOA
(Chapters 6 and 7) The habitats are composed of identifiable, although not rigid,
collections of characteristic microhabutats, resident and mugratory species, and
physical features The physical locations are described below

=  Watersheds —freshwater and terrestrial habitats from the mountains to the
extent of a river’s plume
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= Intertidal and subtidal areas —brackish and salt-water coastal habitats that
extend offshore to the 20-m depth contour.

* ACC-—a swift coastal current of lower salinities (25 to 31 psu) typically
found within 35 km of the shore.

= Offshore —the continental shelf break (between the 200-m and 1,000-m
depth contours) and the Alaska Gyre in waters outside the 1,000-m depth
contour.

The decision to use habitats as a mechanism for stratifying funding and
allocating resources will require the GEM Program to ensure that cross-habitat
processes and transfers are not forgotten or ignored. Having an appreciation for
the scales of time and space over which the processes responsible for biological
production occur is essential for designing monitoring and research intended to
detect and understand changes in the ecosystem (Figure 2.5). To understand the
composition and extent of ecosystems, it is necessary to ask and answer questions
about the distances and time associated with the variation in the biological and
physical phenomena. As stated eloquently by Ricklefs (1990, p. 169), “Every
phenomenon, regardless of its scale in space and time, includes finer scale
processes and patterns and is embedded in a matrix of processes and patterns
having larger dimensions.” Indeed, spatial and temporal scales are part of the
definitions of physical and biological processes such as advection and growth.

century
decade

year

month

weeh

day

hour -

minute

second

Figure 2.5 Scales of time and space corresponding to key elements and processes in ecosystems
of the GOA. lllustration provided by John Piatt.
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Taking account of spatial and temporal scales 1s critical to studymg hnkages
between natural forces and biological responses (Francis et al 1998)

Cross-habitat linkages and processes will be mcorporated mto the GEM
Program in several ways that will be described m more detail in later chapters The
primary mechanisms for ensuring they are addressed will be through ongoing
synthesis of research results and oversight by the Scientific and Techrucal Advisory
Commuttee It 1s also expected that modeling efforts will be regional in focus rather
than habatat specific

221 Central Hypothesis by Habitat Type
The central hypothesis 1s adapted to each habutat type

Watersheds

Natural forces (such as climate) and human actiotties (such as
habitat degradation and fishing) serve as distant and local factors
n causing short-term and long-lasting changes 1n marine-related
brological production in watersheds

Intertidal and Subtidal

Natural forces (such as currents and predation) and human
actiotties (such as mcreased urbamzation and localized pollution)
serve as distant and local factors, in causmng short-term and long-
lasting changes 1t community structure and dynamucs of the
wmtertidal and subtidal habitats

Alaska Coastal Current (ACC)

Natural forces (such as variability in the strength, structure and
dynamucs of the ACC) and human activities (such as fishing and
pollution) cause local and distant changes 1 production of
phytoplankton, zooplankton, burds, fish, and mammals

Offshore

Natural forces (such as changes 1 the strength of the Alaska
Current and Alaskan Stream, mixed layer depth of the gyre, wind
stress and downwelling) and human activities (such as pollution)
play sigmificant roles mn deternunming production of carbon and 1ts
shoreward transport

As noted above, these hypotheses can be used as a general guide to momtoring
and research, but they need to be further refined into questions which identify a
core set of measurements for implementation of long-term morutoring and
research In Chapter 4 the habitat-type hypotheses are exammed through specific
questions that lead to preliminary recommendations on what mformation needs to
be gathered, as a starting pomt for the GEM Program Basic defitions of the tools
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for implementing the program, as provided i Chapter 3, are needed before
launching mto the details of implementation found m Chapter 4

Before moving on to the defrution of implementation tools, it should be noted
that information for developing these specific questions mto a momitoring and
research program comes from many sources, including analysis of ongomg and
existing research results, evaluation of agency mornutoring programs and activities,
and mput from a variety of mterest groups including scientists, resource managers
and the commuruties Over the long-term one of the most valuable resources for
1dentifying research questions may be the legacy of scientific mformation and
results from commurnuty involvement projects from the Exaon Valdez O1l Spill
Restoration Program The following chapter describes the process by which gap
analysis, synthesis, and research are used to implement the GEM Program and
guide selection of variables for long-term mormtormg Chapter 4 mtroduces
potential research questions that may be used to begin development of the GEM
Science Plan
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3. TOOLS AND STRATEGIES

In This Chapter

> Tools Gap Analysis, Synthesis, Research, Monitormg, Modeling and Data
Management

> Strategies Commuruty Involvement and Traditional Knowledge, and Resource
Management Applicability

The hypotheses presented n Chapter 2 are refmed
3.1 Introduction mto a series of mitial research questions through

the use of gap analysis, synthesis and research, as
supported by modeling and data management These tools also will be used to
continually refine and implement GEM’s long-term core morutoring program To
further develop the program, the Trustee Council will use two major strategies
mcorporation of commurnity mvolvement and traditional knowledge, and potential
for resource management applicability (Figure 3 1)

m?é?é&%%& MISSION & GOALS
Adhace
+ Lgbhg
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«FEK
CENTRAL HYPOTHESS &
NESOURCE GUESTION BY HABITAT TYRE
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< Shute Aganass GAP ANALYSISSYNTHESISIRESEARCH]
demlgences T MODELING/DATA MANAGEMENT
« Qe M
Suante 2
Progesw CORE & PARTNERSHID MOMNITORING EFFORTS

Figure 3 1 GEM Structure

Thus chapter defmes and discusses these tools and strategies and explamns how
each will be used to implement the GEM Program
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Research questions emerge from a consideration
3.2 Program Tools of the central hypothesis and the hypotheses for

each habitat presented m the previous chapter
Potential research questions and the mformation necessary to answer them are
presented in Chapter 4 The recommendations on the mformation needed were
developed through a process of “gap analysis,” as defmed mn the following section
and as supported by information n Appendix D From the starting pomt of
prelminary questions and the mformation needed to answer them (Chapter 4), the
GEM Program 1s mtended to follow a path of synthesis, research, and monitoring
to detect, understand, and, eventually, predict changes 1n living marmne-related
resources of the northern Gulf of Alaska (GOA) Modeling and data management
are critical elements m evaluating and managing the GEM long-term research
program, and will closely support synthesis and research activities

3 21 Gap Analysis

In the process of starting the GEM Program, key hypotheses about how the
GOA ecosystem functions were evaluated and refined mto a set of potential
questions for each of the primary habitat types i the GOA (Chapter 4) The major
mformation gathering programs in the North Pacific (Appendix D) were reviewed
to 1dentify where they are collecting data that could be used to answer the
questions, and where there were gaps in the information that would need to be
filled by future research This ongoing identification of information needs, or gap
analysis, 1s an important part of the process of identifying the starting points for
monitoring and research, for avoiding duplicating the efforts of others, and for
continuing to refine the program as 1t progresses This analysis will continue
during implementation of the GEM Program, with mnitial general questions bemng
replaced by mcreasmgly specific questions as knowledge about the ecosystem
mcreases

It 1s mportant to have a clear understandmng of how the nature of the question
determines the nature and outcome of the gap analysis The gap analysis has four
essential parts a question, 1dentification of information necessary to answer the
question, a survey of relevant available mformation, and identification of gaps in
the available mformation

The furst part, the question, 1s fundamental to the gap analysis and defines the
survey of all relevant information needed to answer1t A general question calls for
a general gap analysis, and a more detailed question calls for a more detailed gap
analysis The gap analysis seeks to identify what information 1s currently bemng
collected that could help answer the question and what mformation, for which no
data are bemng collected currently, 1s needed to answer the question The data gaps
become the priorities for focusing research and monutorng activities

A continuing gap analysts, supported by a regularly updated database of
current and historical information-gathering projects in the GOA and adjacent
areas, 1s essential to implementing the GEM Program Tlus analysis will be
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performed by the staff and researchers and will be key to finding new partners for
morutoring activities, 1dentifymg new opporturuties for research and synthesis, and
providing increased opportunities for collaboration, without rishing duphcation of
effort or the possibility of falling to obtain needed data In the short term, this
database will provide mformation needed to select core monitoring variables and
locations In the longer term, the supporting database will become a valuable tool
for resource managers, policy makers, other scientists, stakeholders, and the
general public As the GEM Program moves from the general hypotheses about
what controls and connects biological production within and between habitats, and
toward specific questions and testable hypotheses, the gap analysis will become
highly specific

3 2 2 Synthesis

A second starting pomt for developing the GEM Program 1s synthesis, because
all good science ultimately mvolves synthesis In the words of biologist E O
Wilson (1998)

We a1e diowming in information winle starving for wisdom The world
hencefor th will be run by synthesizer s, people able to put together the 11ght
mnformation, think critically about 1t, and make 1mpor tant chorces wisely

Synthesis builds on and updates the current understanding of the northern
GOA It brings together existing data from any number of disciplmes, times, and
regions to evaluate different aspects of the GEM Program’s conceptual foundation,
central hypotheses, and related 1deas Synthesis has three broad uses First, 1t 1
used to provide direction for developmg hypotheses to be tested and, combined
with research and monitoring, to update and refine the program structure and
mplementation plan In this respect, synthesis 1s an ongoing evaluative process
throughout the Iife of the GEM Program that will help to ensure that the program is
meetmg its goals and objectives  Second, synthesis 15 used as a tool to nform
stakeholders and the public about the developing understanding of the factors
responsible for change in the marme environment Some of the most important
synthesizers of GEM mornutormg and research will be the public Synthesis will be
useful in workshops, meetings, publications, and other methods for
communicating mformation to the public And third, synthesis 1s used to help
solve resource management problems, by :dentifymg new applications of existing”
mformation or by identifying opporturuties to solve existing problems by collecting
new mformation Synthesis 1s a logical place to begin the cycle of monitorng and
research, but once used to mitiate a project or component, i1t becomes a companion
to monitoring and research and an ongomg part of the overall program

For the purposes of the GEM Program, synthesis 1s distinguished from research
and from retrospective analysis, a form of research Unlike research, synthesis does
not necessarily start from a specific hypothesis or question Instead, synthesis takes
an mterdisciplinary approach to evaluating existing information or data to identify
potential new applications and uses As such, synthesis 1s a critical component in
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ensuring that cross-disciplinary and cross-habitat hnkages and processes are
adequately considered during research and morutormg Synthesis may be
supported by various forms of retrospective analysis (discussed below)

3 2 3 Research

Research 1s defmed under GEM as collecting relatively short time series of new
observations to evaluate a testable hypothesis relating to the conceptual foundation
or a specific aspect of the morutoring program In the early stages of GEM Program
1mmplementation, research will be critical m helping to identify the core variables
around which the long-term momntormg activities will be developed For example,
when synthesis, modeling, or other analysis indicates the need for measurmg a core
variable, research may be necessary to understand how to gather the datamn a
specific locality and/ or to determune and evaluate the appropriate measurement
technology Research may build on or use existing data and may also build
models Testing current understandings through research provides the basis for
making changes to the monitormg program

Retr ospective analysis 1s treated i the GEM Program as a specialized form of
research, sometimes used as an mtegral component of synthesis, that employs
existing time series data to evaluate a testable hypothesis or other questions of
smmilar specificity relating to morutoring, often supported by statistical modeling
Retrospective analysis contributes to bullding numerical models and to synthesis

Research, in the form of process studies, plays a vital role n moving beyond the
correlative relationships that arise from the momtoring efforts to understand the
underlymg mecharusms controlling biological production both within and across
habitat types Process studies develop information on the mecharusms through
whuch energy and matter are transferred across varying scales of time and space
This critical deeper understanding 1s essential to provide a framework and
substance for the numerical modehng and synthesis Large-scale process studies
may encompass ecosystem-level processes occurring across multiple trophic levels,
water masses, and habitat types, whereas small-scale studies may deal with
mecharusms as specific as the digestion rates of mdividual arumals Processes such
as predation, nutrient transport, and heat fransfer are critical to understanding
changes m hiving marme-related resources Process studies support model
building by defining relationships among imndividuals and species and between
phenomena such as primary production and physical forcing Process studies also
contribute to other forms of research, such as retrospective analysis, and to
synthesis

The short-term end pomt for GEM Program synthesis and research 1s
mplementation of core momutormg activities that are refined as suggested by new
mformation The continuing roles for synthesis and research, as supported by
modeling, are to advance understanding of the relationships among and within the
habutat types of the ecosystems, plant and animal species, physical and chemical
oceanographic processes, and climate in the northern GOA m accordance with the
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conceptual foundation Contmual refmement and testing of hypotheses, synthesis
across geographic areas and species, and modehng of biological and physical
processes are expected As seen i Figure 3 1, synthesis 1s expected to play a
dominant role in defiung the monitorng program during the early years of the
program, with the relative amount of revenues devoted to synthesis declimng as
long-term morutoring sites are selected and mmplemented Synthesis will
nonetheless contmue to be important ndefirutely, as a means for understanding
and improving the flow mformation produced by the monitoring programs

3 24 Monstoring

As defined for the purposes of the GEM Program, morutormg 1s the action of
repeatedly collecting long-time series observations At the level of data acquisition,
mornutormg differs from research primarily in the length of ttme over whuch the
measurements are taken, and the nature of methods and devices employed
Montoring differs from research by employmg methods and devices that are “tried
and true,” whereas research may use expermmental devices or novel methods to
acquire data For example, observations now considered morutoring, such as
satellite observations of sea surface height, were once seen as novel research Such
satellite observations remain in the research domain to some extent, as efforts to
refine the spatial resolution of the available data continue

The decision on what and where to monutor 1s based on the results of research
and synthesis to 1dentify core variables The development of long time series of
data 1s essential to detecting and understanding change i the ecosystem When
combimed with research and modeling, monitorng can demonstrate how
ecosystems change over time and m response to various mputs As such, 1t
provides a sound scientific basis for making a variety of management decisions
potentially affecting ecosystem resources Appropriate temporal and spatial scales
for the hypotheses bemng analyzed are important aspects of detecting change, and,
are therefore, key considerations in the design of monutoring

Monitormg mn the GEM Program will be orgamzed mnto core monitoring and
partnership monutormg Because of its critical importance to meeting the
program’s goals and objectives, core monitoring based on a set of core variables wall
be fully supported by the GEM Program Pai tneislup monitoring 1s envisioned to
extend the GEM core monitoring program by teaming with partners involved mn
research that 1s also relevant to the hypotheses that GEM will be testing
Partnershup monutoring will be partially supported by leveraging GEM resources
with the resources of the partner organization

The end pomt for morutoring 1s a geographically distributed network gathering
data on the state of the marme ecosystem mn the GEM regton, usmg spatially
structured survey methods This imphes a broad spatial scale for monitoring, as a
combmation of GEM with that of other entities These data are transformed mto
mformation for user groups by usmg synthesis, research, modeling, data
management, and mformation transfer
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3.2.5 Modeling

Modeling is used to make the relationships between the parts and processes of
the ecosystem clear, and as such, serve as a critical element in making connections
between habitats and across disciplines. Models are tools for organizing data and
telling a story and can be written in a variety of media as verbal, visual, statistical,
or numerical models. In the GEM Program, the specific purposes of modeling are
to help accomplish the following:

* Inform, communicate, and provide common problem definition;

* Identify core variables and relationships;

= Set priorities;

* Improve and develop experimental designs to attain monitoring objectives;

* Evaluate cross-habitat linkages and transfers; and

® Improve decision-making and risk assessment.

Modeling, monitoring, and data management strategies need to work in
concert for each to be fully effective (Figure 3.2). Modeling is a pivotal link
between monitoring and data management and information transfer on the one
hand, and synthesis and research on the other. Modeling feeds back information to
the monitoring program in the form of recommendations on how the monitoring
system can be made more effective. Modeling also helps interpret data for the use
of synthesis and research activities.

There are numerous synonyms for the types of models defined for the purposes
of the GEM Program. Verbal models are also known as “qualitative” and

End-to-End Observing System

Figure 3.2 The End-to-End Observing System in which the monitoring observations are
linked by data management and information transfer to end users, including modeling,
synthesis, research, and management applications. (Adapted from Tom Malone [U.S.
GOOS Steering Committee 2000])
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“conceptual”, statistical models are also known as “correlative” and “stochastic”,
and numerical models are also known as “determurustic” and “mecharustic” Note
that “prediction,” “simulation,” and “analysis” are not types of models, but uses of
models For example, the use of any kind of statistical or numerical model to
reproduce the behavior of a process, such as population growth, 1s known as a
smmulation All four types of models will be used m the GEM Program In the
near-term, however, models of biological phenomena are expected to be mostly
verbal, visual, and statistical, whereas models of physical and chenucal phenomena
are likely to be primaridy numerical, m addition to being verbal and statistical

The long-term modeling end pomts for monitoring, synthesis, and research in
GEM are working biophysical models that make managers, policy makers, and
resource users aware of changes in natural resources, help them understand the
human and natural origms of these changes, and give them some 1dea of what to
expect in the future A detailed discussion of the defiutions and strategies for
modeling m the GEM Program 1s provided in Chapter 8

3 2 6 Data Management and Information Transfer

Data management and information transfer are the processes of acquiring in
the field, receving 1 the office, formatting, and storing data, providing quality
control and assurance, developing and managing databases, and making the data
understandable and available to users (See also Chapter 9) It mncludes the
development of information products based on mnterpreted data and the delivery of
these products, including user mterfaces The immediate objective of data
management and mformation transfer 1s to ensure that the data collected by
projects under GEM are well documented, safely stored, and accessible to the
public within a reasonable period of time after collection An ongomg objective of
data management and mformation transfer mn the GEM Program 1s to achieve to the
greatest extent possible the documentation, storage and pubhc access for past data
acquired with Eaxon Valdez O1l Spill (EVOS) funds under the Natural Resource
Damage Assessment and Restoration programs of the Trustee Council

The long-term end point for GEM data management and mnformation transfer 1s
a system that manages the rapid and efficient flow of data and mformation based
on core monitoring projects to end users, and that facihitates the flow of data and
mformation between and among GEM pariners and the user communuty

GEM data management 1s a program support function mtended to accomplish
the following-

» Support cross-disciplinary mtegration of physical and biological
nformation, and traditional knowledge withm a structured, decision-
making framework,

» Support synthesis, research, and modeling that evaluate testable
hypotheses on the roles of natural forces and human activities m controlling
biological production, and
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» Lay the groundwork for future use of distributed, Web-based analysis and
management tools as the morutoring program becomes fully operational

By necessity, the data mcorporated mto the GEM Program will be derived from
a varlety of sources and formats, which will include retrospective data sets and
traditional knowledge and may contam spatial and temporal components
Synthesis and research will need to mcorporate data not directly collected by the
GEM Program, such as satellite remote-sensing mformation and fishery catch data
Incorporation of these data into regional models and decision-making systems will
requuire tools for data mgestion and query, especially to facilitate modeling
Because the output from the GEM Program will be used by people from a wide
variety of disciplmes and bachgrounds, the user mnterfaces must be easy to
understand and accessible through a distributed network, such as the Internet

Data management and acquisition policies are essential to ensure the rapid
transfer of mformation to end users Although the data must flow through the
system as quickly as possible, quality control and assurance procedures and the
prerogatives of scientists to publish mterpretations of the data need to be respected
One approach that may prove useful 1s the establishment of “peer reviewed” data
sets that allow the scientists mvolved to receive credit for their efforts m the
publications of other scientists who may use the data

Information transfer products will depend on the nature of the monitoring and
research activities that are yet to be chosen Possibilities for these products, based
on the experience of other monitoring and research programs, are discussed n
Chapter 9 and could include models and measures relevant to determining the
productivity of key species such as salmon

The previous sechion discussed the standard tools
3.3 GEM Program that will be used to develop and evaluate data and
Strategies manage mformation m the GEM Program This

section presents two strategies that also will be
mmportant m guiding the GEM Program incorporating traditional knowledge and
commuruty mvolvement, and potential for resource management applicability
These strategies will be applied to the GEM Program as a whole and will influence
the way that the tools presented in the previous section are used

3 31 Incorporating Community Involvement and Traditional
Knowledge

Communuty mvolvement and the mcorporation of traditional knowledge mn the
GEM Program are crifical to the program’s long-term success The significance of
traditional knowledge 1s becoming mcreasimngly recogruzed (IUCN 1986, Martinez
1994, Kimmer 2000) and can play a role in providing early warning signs of
ecosystem change (Ford 2001) Local residents are expected to provide ecological
knowledge that can be mcorporated mnto estabhshed scientific models They also
can be a source of research questions which help ensure research that 1s relevant to
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both ecological and commumnty needs Community-based monitoring efforts can
efficiently collect essential data and build local stewardship as well as long-term
support for the GEM Program

The EVOS settlement requires mearmungful public mvolvement m all Trustee
Counci programs, as well as a Public Advisory Commuttee Residents of coastal
communuties have a direct mnterest in scientific and management decisions and
activities concerning the fish and wildlife resources and environments on which
they depend for their hivelthoods and sustenance (Huntmgton 1992) The Trustee
Council beheves that encouragmg local awareness and participation in research
and monitoring enhances long-term stewardship of living marme resources

Commuruty involvement can occur mn many ways Several approaches have
been tried m the EVOS restoration program and elsewhere 1 Alasha and other
northern regions, and GEM will draw on these experiences to design specific
processes for mvolving commuruties and their expertise( Huntington 2000, Brown-
Schwalenberg et al 1998, Fehr and Hurst 1996, Hansen 1994, Brooke 1993) One
avenue 1s through active membership on the 20-member Public Advisory
Commuttee, made up of representatives of tribal and incorporated commuruties,
stakeholders, scientists and members of the general public Another 1s through
active participation of public members on various scientific subcommuttees and
work groups and during targeted workshops to help plan and guude the GEM
Program as 1t develops Other ways include having citizens, students and
commuruties implement local monitormng activities

Traditional and local ecological knowledge can provide important observations
and mnsights about changes m the status and health of marme resources
(Huntington 1998) With Trustee Council fundmg, Alaska Native tribes m the GEM
research area are currently developmg natural resource plans that will help 1dentify
mportant resources and potential threats and be useful in designing local
monitoring schemes that help answer key questions for the GEM Program

The Trustee Council has always listened closely to the views and interests of
the people living 1n the spill-affected region, and responded to their concerns
consistent with the legal restrictions of the EVOS settlement funds Under the
terms of the settlement, restoration funds can only be used to respond to mjuries to
the public’s natural resources — not myury to ndividuals or to communities
However, the commuruties have the well being of these resources at heart, and any
program to provide for the long-term health of the resources, has the benefit of
providing for the long-term health of the local commumties

3 3 2 Potential for Resource Management Applicability

The GEM Program 1s intended to increase and enhance the mformation
managers and stakeholders use to cope with changes 1 natural resources To
accomplish this, GEM will seek to acquire data with significant potential for use m
resource management applications, ensure that data 1s converted mto useful
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mformatton m a timely manner, and mnvite research and synthesis projects that
both mvolve and benefit natural resource management agencies

Salmon fishery management illustrates management concerns that are common
to most natural resources The typical salmon fishery operates on a resource that
depends on a variety of habitat types (freshwater,
nearshore, and offshore) during the course of its Iife cycle

GEM questions are directed at  (Figure 3 3) Management of the salmon fishery requires
understanding not only specific  detecting and understanding the consequences for

mechanisms of production in production of habitat management decisions (Box 19,

representative habitat types, but  pygure 3 3) throughout the salmon’s life cycle GEM seeks

also the connections among
habitat types

to provide data relevant to answering specific questions
about how a range of habstat types function to produce

salmon and other species The cyclic nature of the salmon
fishery m time and space makes 1t clear that biological production m one habitat
type cannot be understood i 1solation from production in the other habitat types
m whuch the salmon completes 1ts Iife cycle GEM questions are directed at
understandig not only specific mecharusms of production i representative
habitat types, but also the connections among habitat types

The management applications actually achueved will depend on a variety of
factors, including the degree to which resource managers participate 1n the review,
development, and implementation of the GEM Program

] The tools and strategies described above are used
3.4 Conclusion together to make the GEM Program scientifically

sound, compatible with other programs, relevant
to commuruties and resource managers, and open to the imformation local residents
may provide Using the tools and strategies to implement the GEM Program 1s
addressed n following chapter
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The Salmon Fishery
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Figure 3.3 Diagram of the salmon fishery with life cycle stages, harvest, and habitat management
decisions in geographic and temporal contexts (Mundy 1998).
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4. PROGRAM IMPLEMENTATION

In This Chapter

» Introduction to the GEM Science Plan
» Conceptual Foundation by Habitat

» Key Questions by Habitat

» GEM Program Implementation
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4.1 Introduction Before the general hypotheses developed and

presented in Chapters 2 and 3 can be used to guide

the GEM research and monitoring program, they
need to be refined into a set of specific research questions, and the research
questions need to be evaluated to determine what data need to be collected and
analyzed to answer them. The process and timelines for defining, asking, and
getting the data to answer the questions, also known as research and monitoring, is

described by the GEM Science Plan, which does not now exist.

The goal served by the Science Plan is to implement a long-term monitoring
program, which can only be done after the requisite synthesis and research have

been completed.

This chapter is the first step in developing the Science Plan. It extends the
GEM conceptual foundation (through the primary physical and biological
processes, and human activities believed to be most important in affecting change
in the Gulf of Alaska [GOA]) to each general habitat type. From this information,
and building on the habitat hypotheses, a series of potential questions have been
developed that can be used as a starting point for identifying initial research
activities. The potential research questions presented in these sections are meant to
capture some of the main uncertainties in how fluctuations in the northern GOA
ecosystem influence the distribution and abundance of valued organisms. They do
not attempt to capture the entire scope of potential research questions. Instead,
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they address discrete aspects of the conceptual foundation and are starting points
for identifymg research activities As knowledge of the ecosystem increases, the
research questions are expected to gaimn greater specificity and refinement through
ongomg hypothesis testing, gap analysis, and 1dentafication of specific mformation
needs It 1s expected that the potential research questions will change as a result of
the Scientific and Techrmical Advisory Commuttee (STAC) process described mn
Chapter 5

Followmg the habitat-specific research questions 1s an mitial implementation
plan for the GEM Program during a 5-year period, from FY 03 to FY 07 Thus plan
mcorporates the following elements

» A proposed schedule for implementation, FY 03 to FY 07, for core and
partnership activities, models, and data management

» Lists of probable or p1 ospective pat tner s that are actively doing related
monitoring or research m the habitat type

* Development of models as a way to synthesize monitormg and research
results and transfer information to end users

»  Candidate (possible) core momtoring activthies recommended based on the
conjunction of partnership opportunities and opporturuties for measuring
biological and physical quantities related to the key question and
mformation gaps

= Candidate (possible) core variables recommended based on approaches
suggested by the literature reviewed m the scientific background (Chapter
7)

The proposed schedule for implementing GEM momntoring activities i the
watershed, intertidal/subtidal, and Alaska Coastal Current (ACC) habitat areas 1s
similar, but modeling and data management needs differ m each habitat For
offshore research, GEM will primarily be mvolved m parinering activities, since
research offshore 1s already being undertaken by a number of other large-scale
programs As a result, the schedule for implementation largely 1s dependent on
the implementation schedules for partner programs

4.2 Watersheds

4 21 Conceptual Foundation for Watersheds

Watersheds are linked by biogeochemical cycles and common climatic forcing
to the marme ecosystem Input of terrestrial carbon contributes to the carbon
budget of the oceans Likewise, marme contributions of nutrients appear to be
mportant to growth of aquatic and terrestrial plants and animals in watersheds
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Primary natural forces are precipitation and insolation. Watersheds depend on
import of marine nutrients by anadromous fish and other animals. Therefore,
maintenance of healthy salmon runs and populations of terrestrial animals that
feed in the nearshore marine environment is key to healthy watershed ecosystems.
Woody debris and vegetation from land are also exported to the marine
environment, providing a carbon source and habitat for some species. The
common effects of climate also link these two systems. Fresh water from coastal
watersheds contributes huge amounts of fresh water to the GOA and makes
possible the Alaska Coastal Current-the single most dominant and integrating
feature of the physical environment on the continental shelf.

Human activities in the watersheds that remove natural vegetation can result
in soil erosion and its attendant effects on stream and coastal marine life. Fresh
water can carry contaminants to the marine environment. Sources of these
contaminants can be of local origin-sewage and septic wastes, industrial and
military wastes, motor vehicles, and oil from spills-or imported from distant
sources and carried across the Pacific Ocean by atmospheric processes.
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4.2.2 Potential Watershed Questions:

a. What are levels of marine-related nutrients in watersheds and how do the
annual inputs of marine nutrients vary?

Specific Information Needs: Levels of nitrogen-stable isotopes in freshwater
plants and animals, and feasibility of studying sources of precursors of
reduced iron in watersheds with marine access.

b. What is the annual variability in precipitation and runoff in Alaska
watersheds bordering the northern GOA? (Same question applies to
intertidal-subtidal and ACC habitats.)

Specific Information Needs: Annual precipitation and runoff for all
watersheds flowing into the northern GOA. In some cases, where data
gaps exist, it may be possible to use marine salinity data to supplement
precipitation and stream flow measures in estimating total freshwater run
off from land to the GOA. Input of the amount of fresh water entering the
GOA from northern British Columbia and Southeast Alaska would also be
needed to use marine salinity as a proxy for freshwater runoff.

c.  What are the levels of contaminants entering and leaving watersheds along
marine-related pathways?
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Specific Information Needs Levels of contaminants such as persistent
orgaruc pollutants m anadromous species as adult mmigrants and as
juverule emigrants of the watersheds

4 2 3 Program Implementation

Development of watershed morutoring activities will be led by a core synthesis
effort m FY 03, building on preparatory core research i FY 02 to establish an
approach to measuring levels of marme influence m animals and plants of the
watersheds Core synthesis will assist m developing hypotheses by about FY 04
that can be tested and refmed by core research n FY 05 and FY 06 At least one
core monitoring station will be inthiated by FY 06, but may not be fully operational
until FY 07

Table 4 1 presents the proposed schedule for implementation

Table 4 1 Proposed Implementation Schedule for Watershed Habitat

Monitoring Activity Data
Fiscal Year Core Partners Model Management
2003 Synthesis Monitor Verbal(c) Prototype
Research
2004 Synthesis Monitor Statistical(c) Coordination (c)
Research Research Archiving(c)
2005 Research Monitor Statistical(c) Coordination (c)
Research Numerical prototype (p) Archiving (c)
Distribution (p)
2006 Research Monitor Statistical(c) Coordination (c)
Monitor Research Numerical (p) Archiving (c)
Distribution (p)
2007 Monitor Monitor Archiving (c)
Research Numerical (p) Distribution (p)

Notes
¢ = core (GEM Program supported) activity
p = partnership (jointly supported) activity

Prospective partners ADF&G, USFWS (Kenar Natural Wildiife Refuge [KNWR]), USGS, EFA,
ADEC, USFS, Cook Inlet Keeper (CIK), Alaska Department of Natural Resources (ADNR),
and Washington Department of Fish and Wildliife (WDFW)

Candidate core monitoring activittes Kenar River watershed, Karluk River watershed

Candidate core vaniables isotopes of nitrogen in aquatic and npanan plants and animals,
precursors of reduced Iron in water, and anadromous fish

4 2 4 Prospective Partners and Partner Activities

Partner activities n FY 03 are expected to be the supporting monitoring
programs already mn place, such as enumeration of anmimals and plants, water

44 CHAPTER 4 Jury 2002



GULF EcosYSTEM MONITORING AND RESEARCH PROGRAM

quahty monutoring, existing hydrology models, mncluding annual and seasonal
runoff, and permitting of human activities such as resource harvests and land
development Starting in FY 04, partners will be encouraged to assist in funding
research to further site selecion This research process will extend through FY 06,
termunating after the morutoring stations are fully operational Because an
analogous research program 1s underway at the Washington Department of Fish
and Wildlife (WDFW), that agency may be willing to share information and the
costs of process studies of mutual mnterest

425 Models

Models of the relationship between marme productivity and watershed
productivity (Finney et al 2000) will ikely be verbal as of FY 03 Statistical
modelng to describe the strength of relations among variables and power analysis
to guide sampling should start in FY 04, continung through the evaluation of the
matial morutoring stations m FY 06 The end pomt of modeling will be a numerical
model of the geochemustry of the core vanable(s) m the watershed to the boundary
of the intertidal and subtidal areas This model will be imtiated 1n about FY 05 and
operational (in some sense) by FY 07 It 1s recognized that a number of partner
monitoring activities m addition to the core activity will be needed to create
parameters for a numerical model If numerical modeling proves mtractable,
statistical modeling would be extended i the interim

4 2 6 Candidate Core Monitoring Activities

Candidate core monutoring activities will be chosen to build on existing long
time series of data collected by prospective partners The Kenai and Karluk rivers
are two likely candidates For the Kena1 River watershed, three decades of data on
adult salmon returns to the spawrung grounds of the watershed can be used as
estimates of marine influence In addition, salmon catch data span more than five
decades The proxmuty to Anchorage places the Kenai River watershed under
heavy pressure from human activities and their associated impacts, many of which
are documented by government regulators Multiple prospective partners have
extensive programs m place to momnitor vegetation, terrestrial ammals, limnology,
and other variables of potential relevance to the key question The Karluk River
watershed 1s unique m having a published record of more than 300 years of
changes i marine mfluence in general, and marme rutrogen m particular (Finney
etal 2000) Inaddition, the prospective partners have collected more than eight
decades of counts of salmon returns for the watershed

4 27 Candidate Core Variables

Isotopes of nitrogen 1 plants and aramals and sources of reduced 1ron are
candidates for core variables, based on work described in the scientific background
under marme-terrestrial connections and chemucal oceanography (Chapter 7) In
watersheds of the GEM region, where nitrogen Iimits productivity, marme
nutrogen m anadromous fish species, principally salmon, could be an important
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driver of watershed productivity Phosphorus and 1ron from salmon may also be
mportant to watershed productivity, but direct measures of the origm of these
elements are not available Indirect measures might be, for example, phosphorus
or 1ron concentration per gram of fish times average fish weight times return
number A decade of work on the role of 1ron i primary productivity in marme
areas suggests that geophysical and brological processes m watersheds may
contribute to marme productivity Processes m the watersheds may lhimut marme
productivity by controlling the availability of precursors of reduced 1ron

The mtertidal and subtidal-or nearshore-area 1s
43 Intertidal and technically a part of the ACC regime mn most
Subtidal places (the next habitat to be considered), except

arguably m some embayments, such as the fjord
systems m northern Prince Wilham Sound (PWS) But, because of the importance
and vulnerability of the mtertidal and shallow subtidal areas and the dependence
of so many valued species on nearshore habitat, 1t 1s treated here separately from

the ACC

4 3 1 Conceptual Foundation for Intertidal and Subtidal

The productivity of mntertidal and subtidal marme commuruties depends on
both fixed algae and some other vascular plants in shallow water, as well as free-
floating phytoplankton Nutrient supply to fixed plants 1s not well characterized,
but presumably 1s controlled by oceanographic processes and seasonal cycles of
water turnover on the mner shelf as well as some contributions from stream runoff
This process of nutrient supply 1s essentially the same as for nearshore
phytoplankton Ultimately, as mentioned i Chapter 7, Section 5 3, the runup of
deepwater from the central GOA onto the shelf and some poorly characterized
processes for cross-shelf transport of the nutrients are critical to growth of both
fixed and floating nearshore algae The nearshore waters can be depleted of
nutrients during the growing season 1if the warm surface layers where primary
productivity 1s drawing down nutrients 1s not mixed with deeper waters by wind
and tidal acion Within-season variability in primary production, therefore,
appears to depend on the previous late summer run up of deepwater onto the
shelf, some poorly described cross-shelf transport processes, and within-growing
season wind and tidal mixing

Cloud cover also 1s likely to be very important in regulating the amount of
solar energy reaching the ocean surface Nearshore turbulence, whch 1s the result
of the prevailing climate and tidal action, promotes the growth of algae and
phytoplankton These plants are the food supplies for filter-feeding mollusks, such
as clams and mussels, which are important sources of food for a variety of
nearshore animals, such as sea otters and sea ducks Chmate also directly affects
mtertidal and subtidal animals through changes of temperature, water sahnity,
and 1ce formation Ice formation 1s an important source of mortality and reduced
growth of ntertidal algae and some arumal populations mn some situations Itis

46

CHAPTER 4 Jury 2002



GuLF EcosysTEM MONITORING AND RESEARCH PROGRAM

suspected that bottom-up forcing through variability of primary production is an
important influence on intertidal invertebrate communities on the scale of decades,
but there are no long-term data sets to examine this supposition. If wave action is
too intense, it can limit population growth; for example, waves during storms often
throw large amounts of herring eggs (embryos) onto the beach where they die.

A large number of intertidal and subtidal animal populations respond to both
bottom-up and top-down natural forcing as well as to human activities. Bottom-
up forcing appears to have more documented effects on such populations as
herring, pollock, shrimp, crab, salmon, and seabirds than have been documented
for infaunal and attached intertidal animals. There are good examples of
population controls by removals (top-down influences) and many of these
relationships, such as that between sea urchins and sea otters, are cited in Chapter
7.12.2.5. Disease possibly influences some populations, such as Viral Hemorrhagic
Septicemia virus effects on Pacific herring in PWS.

The intertidal and subtidal benthos is particularly vulnerable to human use
through harvesting of various invertebrates, trampling, discharge of contaminants,
road and home construction, and soil erosion. At the present time, impacts of such
activities appear to be localized because of the dispersed nature of human activities
along the vast coastline of the northern GOA. The nearshore sentinel populations
may need to be monitored more closely, however, as Alaska’s population and use
of the nearshore zone expands in the future.

4.3.2 Potential Intertidal and Subtidal Question:

a. What is the variability of selected plant and animal populations in the
intertidal and subtidal zones?

Specific Information Needs:

* Variability in numbers and diversity of fixed algae and
invertebrates in several regions, such as PWS, Kachemak Bay, and
Kodiak Island.

* Relative availability of larval dispersal stages.

* Measures of the cycling of carbon, nutrients, and contaminants in
key species such as Fucus.

* A detailed map of intertidal plant biomass during the growing
season on a wide spatial scale.
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= Montoring of clam populations
= Measurements of population processes of sea otters

» Identification and measurement of human impacts of concern

4 3 3 Program Implementation

Development of the mtertidal and subtidal monmitorng activities 1s expected to
begin with a planrung workshop m FY 02 and an mtense core synthesis effort mn FY
03 that mvolves extensive preparatory core research The mherently high
variability of the communuty structure of the intertidal and subtidal habitat-and its
vulnerability to the effects of predation and human degradation-may make 1t
dafficult to develop a design that can separate human activities from natural forces,
forestalling implementation of mutial monitormg until FY 06 Core synthesis 1s
planned to provide hypotheses by about FY 05 that can be tested and refmed by
core research m FY 06 and FY 07 The mrutial schedule calis for at least one core
monitoring station to be mitiated by FY 06, but it may not be fully operational
untl FY 07

Table 4 2 presents the proposed schedule for implementation

4 3 4 Prospective Partner Activities

Partner acttvities m FY 03 will be the supporting morutoring programs already
m place, such as monitoring of mdividual species for basic biology and
contanunant loads, surveys of species composition and distribution, surveys of
substrates, and measurements of physical oceanography Starting in FY 04,
partners will be encouraged to assist i funding research to further site selection.
These research activities will extend through FY 06, terminating after the
mortormng station 1s fully operational in FY 07 (Table 4 2)

4 35 Models

Models of changes m commuruty structure of the interidal-subtidal areas n
response to human activities and natural forcing are expected to be primarily
verbal from FY 03 to FY 05 Statistical modeling, particularly power analysis to
guide samphing, 1s expected to be operable as soon as FY 03, because of experience
gamed i the Exaon Valdez O1l Spill coastal habitat program and related damage
assessment and restoration work Statistical modeling will continue through the
evaluation of the mmtial monutoring station m FY 06 The end pomnt of a numerical
model to combine physical forcing and human activities for describing community
structure 1s a very ambitious undertaking for a core achivity withmn a 5-year time
frame and may not be feasible at all without substantial partner support
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Table 4 2 Proposed Implementation Schedule for Intertidal and Subtidal
Habitat

Monitoring Activity Data
Fiscal Year Core Partners Model Management
2003 Synthesis Monitor Verbal(c) Prototype
Research Statistical(c) Coordination (c)
2004 Synthesis Monitor Verbal(c) Coordination (c)
Research Research Statistical(c) Archiving(c)
2005 Research Monitor Verbal(c) Coordination (c)
Research Statistical(c) Archiving (c)
Distribution (p)
2006 Research Monitor Statistical(c) Coordination (c)
Monitor Research Archiving (c)
Distribution (p)
2007 Monitor Monitor Statistical(c) Archiving (c)
Research Numerical prototype (p) Distribution (p)

Notes
¢ = core (GEM Program supported) activity
p = partnership (jointly supported) activity

Prospective partners ADF&G (Kachemak Bay National Estuanne Research Reserve
[KBNERR]), NOAA (National Ocean Service) UAF, Cook Inlet Regional Citizens Advisory
Council (CIRCAC), Prince William Sound Regional Citizens Advisory Council (PWSRCAC),
USFS, EPA-ADEC (EMAP), Alyeska Pipeline Service Company

Candidate core monitoring activittes Kachemak Bay (lower Cook Inlet), Green Island (PWS}

Candidate core vanables substrate type and distnibution, species composition and
distribution, recruitment

4 3 6 Candidate Core Monitoring Activities

Candidates for core morutoring activities will be selected based on substantial
partnermg opportunities, chances for assessing human activities and mmpacts, and
logistics Likely candidates are Kachemak Bay m Lower Cook Inlet and Green
Island m PWS Kachemak Bay 1s close to the city of Homer and becoming a
developed recreational destination In addition, the bay has the presence of coastal
habatat assessment programs already m place within the Kachemak Bay National
Estuarme Research Reserve (KBNERR), as well as nearby moorings taking
oceanographic measurements The U S Forest Service (USFS) has a long-term
ecological monitoring site at Green Island, which 1s still seemng effects from the
1989 oil spill A new weather station 1s being mstalled nearby at Applegate Rocks,
and additional oceanographic moormngs i nearby Montague Strait are hikely

4 3 7 Candidate Core Vanables

Communuty structure i the interhidal and subtidal areas 1s determined by
substrate type and amount, as well as by physical oceanographic features, such as
wave action Species composition and distribution are fundamental to
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determining community structure, as is the recruitment rate of key species such as
barnacles, mussels, and clams, depending on substrate

As noted above, the domain of the ACC m many
4.4 Alaska Coastal cases starts at the shorelme and extends out to a
Current frontal area several tens of kilometers onto the

contmnental shelf The inshore boundary of this
current system 1s not precisely defined m this subsection because the nearshore
aspects of the ecosystem have been covered above

4 41 Conceptual Foundation for ACC

Because the ACC 1s a buoyant, low-salinity, eastern, boundary current fed
essentially by a line-source of fresh water along the length of the Alaska coasthne,
1t offers a uruque opportunity to study basin-scale physical forcing of biological
production Although one characteristic of the ACC 1s the draw-down of nutrients
during the growing season to levels that are undetectable, the 1n-season varability
1s clearly driven by patterns in wind muxmng, and 1s very sigruficant A promusing
model developed by Eslinger et al (2001) 1s capable of tracking the in-season
variability of plankton production based on the physical characteristics of the
water column and the wind field The extent to which patterns of seasonal wind
muxing are the major contributors to longer-term variability in primary
productivity 1s not clear Tidal muxing likely contributes to variability, as do other
potential mecharusms that transport deep-water nutrients mto shallow waters, for
example, late-summer relaxation of onshore Ekman transport and up-canyon
currents

Annual variability of nutrient supply likely has a great influence on long-term
variability i primary production For example, this influence would be consistent
with the relationship between the Bakun upwelling mdex and pink salmon marme
survival rates up to 1990 (see Chapter 7) and the differences observed between the
volumes of settled plankton in the 1980s and 1n the 1990s (Brown unpublished)

Another physical phenomenon that apparently affects biological production in
the water column 1s eddies Eddies have been documented in Shelikof Strait, for
example, and greatly mfluence retention of larval pollock in a favorable
environment (Bogard et al 1994, Bailey etal 1997) Beyond therr study in the
Fishernes Oceanography Coordinated Investigations (FOCI) program, not much 1s
known generally about eddies in the ACC and their biological influences There
are also eddies in Kachemak Bay, some of which are stratified at the surface by
freshwater mputs that may simlarly benefit pelagic species there and off Kayak
Island, southeast of PWS The southerly and easterly winds that predominate
during most of the year drive offshore water mshore (via Ekman transport),
carrymg offshore planktonic orgarusms close to shore and providing potential
sources of food for nearshore organisms, such as juvenile pmk salmon
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Finally, the outer edge of the ACC often forms a front with the water masses
seaward of it. This front is characterized by strong convergence of offshore and
inshore water masses and significant downward water velocities. It appears at
times to concentrate plankton, nekton, fish, and birds, and is probably an
important site for trophic interactions.

Many of the types of natural and human activities that affect the nearshore
species apply also to the ACC. This similarity is due in part to the fact that many
species cross between the nearshore environment and deeper waters. Bottom-up
forcing appears to be of great importance, because areas of the ACC with high
levels of chlorophyll a during the growing season and vigorous vertical mixing,
such as Lower Cook Inlet, also support large populations of fish, seabirds and
marine mammals. The ACC is the main domain of the GOA for the productive
fisheries for both pelagic and benthic species. Consequently, human activities are
potentially a quite large aspect of removals. Other possible human impacts
include contaminants and long-term global warming.
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4.4.2 Potential Alaska Coastal Current Questions:

a. What is the annual variability of strength, location and dynamics of the
ACC?

Specific Information Needs: Measurements of variability in temperature
and salinity with depth, on time scales from days to multiple decades
at locations sufficient to understand seasonal-scale variability and at
localities sufficiently widely dispersed to understand large-scale
structure, including intrusion into bays.

b. What is the variability in the supply of deepwater nutrients to the
photic zone of the ACC and their concentrations in that zone on time
and space scales appropriate to understanding annual primary
production?

Specific Information Needs: Measurements of, or proportional to,
macronutrients and micronutrients at appropriate spatial scales.

c. What is the variability in chlorophyll a concentrations and
phytoplankton species composition in the photic zone of the ACC on
time and space scales appropriate to understanding annual primary
production?
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e

Specific Information Needs
e Chloroplyll n measurements
¢ Information on phytoplankton species composition

What 1s the variability of zooplankton biomass and species
composition mn the ACC on time and space scales appropmnate to
understanding annual primary and secondary production?

Speaific Information Needs Information about zooplankton biomass and
species composition

What 1s the variabihty m the availability of forage fish to higher trophic
levels (birds, fish, mammals) in the ACC?

Specific Information Needs

e Analyses of the diets of selected higher-trophic-level organisms
(birds, mammals, large predatory fish)

» Analyses of selected higher-trophic-level orgarusms (birds,
mamumals, large predatory fish) for fatty acid composition m
relation to diet

What are the major factors affecting long-term changes m sea bird
populations?

Specific Infor mation Needs Annual colony and chuck productivity counts
of appropriate species in selected GOA colonies

What are the major factors affecting long-term changes m harbor seal
populations?

Specific Infor mation Needs
e Annual surveys of molting population in selected GOA haul-outs

e Fatty acid profiles of mdividual arumals and scat analysis surveys
m selected GOA haul-outs

4 4 3 Program Implementation

Development of ACC mornutoring will require a period of synthesis and
research that mmvolves collaboration between physical and biological scientists to
decide on how to best detect changes m annual and seasonal production and
transfer of energy to higher trophic levels The determination of what physical-
chemical processes are most important to measure for primary and secondary
production will requare a synthesis that combines existing physical and biological
mformation and hypotheses Specific seasonal questions such as what controls the
timing, duration, and magritude of the spring bloom on the mner continental shelf
need to be carefully cast as testable hypotheses before commutting to long-term
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momnutormg Having the Sound Ecosystem Assessment (SEA), Alaska Predator
Ecosystem Expermment (APEX), Global Ocean Ecosystem Dynamics (GLOBEC)
Northeast Pacific National Estuary Program (NEP), FOCI, Ocean Carrying
Capacity (OCC), and National Pacific Anadromous Fish Commuission (NPAFC)
programs precede and parallel the GEM Program 1s extremely fortuitous for
development of this component The experience and lessons from these programs
will be extremely beneficial in helpmg GEM build 1its core morutoring components
For these reasons, development of ACC morutormg activity will begin with a core
synthesis effort that 1s closely coordmated with the ongoing research and
monatoring efforts mentioned above

Understanding how best to measure biological productivity and trophic
transfer in the ACC will take longer to develop than the approach to physical
measurements, which could be developed in a relatively short period of time ’ The
long-term observation program beimng carried out n PWS and across the shelf m
the northern GOA under GLOBEC started m 1997 and will extend through 2004
Intense process studies are scheduled for 2001 and 2003 It will take some tume to
distill the large amount of information available from such studies and other
programs to the pomt of recommending a full suite of core biological
measurements for core GEM Program monitoring m the ACC

Table 4 3 presents the proposed schedule for implementation

4 4 4 Prospective Partner Activities

National Oceanic and Atmospheric Admirustration’s (NOAA) interest m the
ACC continues to be high, as demonstrated through its participation n the
GLOBEC and OCC programs and some continuing work n the FOCI program in
Shelikof Strait It 1s almost certain that the GAK1 station and line, mamtamed and
monatored by the University of Alaska and n place now for decades, will play a
central role m future monitoring of the physical structure of the ACC based on
temperature and salinity measures Recently added biological measures, mcluding
chloi ophyll a, will likely be mamntamned and supplemented Other opporturuties for
partnerships mnclude more recently established GLOBEC stations from PWS across
the contmental shelf and one of the Iines used m the FOCI program i the Shehikof
Strait The US Geological Survey (USGS) Biological Resources Division, which
has an established set of seabird mormtoring colonies spaced at about 500-km
mtervals around the GOA and mto the Bering Sea, 1s another strong candidate for
a partner Close coordmation with methods of the colomal seabird program of the
USFWS Alaska Mariime Refuge 1s envisioned to make seabird data consistent
around the coast of Alaska For measuring forage species variabihty, population
abundance data from the Alaska Department of Fish and Game (ADF&G) on
Paaific herring in PWS and also for populations at Kodiak Island and 1in Kamishak
Bay, although not complete, may be useful Starting n FY 04 and extending
through FY 06, partners will be encouraged to assist m funding research to further
stte selection for monutoring the ACC
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Table 4 3 Proposed Implementation Schedule for Alaska Coastal Current
Habitat

Monitoring Activity Data
Fiscal Year Core Partners Model Management
2003 Synthesis Monitor Statistical(c) Coordination (c)
Research Numerical (p)
2004 Synthesis Monitor Statistical(c) Coordination (c)
Research Research Numerical (p) Archiving(c)
2005 Research Monitor Statistical(c) Coordination {c)
Research Numerical prototype (p} Archiving (c)
Distribution (p)
2006 Research Monitor Statistical(c) Coordinatton (c)
Monitor Research Numerical (p) Archiving (c)
Distribution (p)
2007 Monitor Monitor Archiving (c)
Research Numerical (p) Distribution (p)

Notes
¢ = core (GEM Program supported)} activity
p = partnership (jointly supported) activity

Prospective partners UAF (IMS, School of Fishernies and Ocean Sciences [SFOS]), U S
Department of Intenor (DO!) (National Park Service [NPS], USFWS, USGS), North Pacific
Research Board (NPRB), NOAA (NMFS/National Ocean Service [NOS]), EPA-ADEC EMAP

Candidate core monitoring activities GAK1, Hinchinbrook Entrance, Montague Strait

Candidate core vanables temperature, salinity, fluorescence, plankton, forage species

Plankton measurements (settled volume) are taken now by potential partners
at six hatcheries m PWS  On the basis of past correlations of plankton-settled
volume with annual pmk salmon returns and decadal-scale herring abundance,
these data could provide mformation about productivity of the ACC system of
relevance to multiple species under certain conditions Extension of the “plankton
watch” to hatcheries mn other areas and local commurties throughout the northern
GOA may be a worthwhile and potentially economical way to mamntamn long-term
data sets and archives of plankton Other opportunities to collect samples and
analyze plankton communities may include cruises with net and hydroacoustic
sampling, as well as satellite :images Also of possible merit are the use of ships
that offer opportunities, for example, the continuous plankton recorder 1s
recommended to be deployed on o1l tankers traveling from Valdez to Long Beach
under EVOS sponsorship m FY 02 Certainly any satellite images of the sea suxface
that measuzre chlor ophyll a concentrations provide very useful synoptic pictures,
even taking mto account the Iimutations that cloud cover and lack of subsurface
data present Decisions will be made with the guiding philosophy of collecting
data of relatively low frequency m space and time so that decadal scale change can
be resolved
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Perhaps the largest challenge for the ACC habitat will be developing
monutormg activities to measure variability m forage fish populations and
assoclated predator populations Some options for exploration of parinerships for
assessimg forage fish abundance and associated phenomena include the followmng:

* Larval surveys buillding on the databases and archived specimens from the
FOCI program

» Use of forage fish occurrence m the stomachs of large fish collected m the
sport fishery-or in some of the large fishery assessment programs
conducted by NOAA and ADF&G-as an index of relative abundance (The
Trustee Council sponsored a successful study of these occurrences of
forage fish m the sport fishery for halibut out of Homer )

* Small mesh trawl surveys conducted by ADF&G around Kodiak Island
and lower Cook Inlet to assess shrimp abundance (A large database from
this program extends for some locations back to the 1960s for a large
varlety of species on the mner shelf )

= Aemnal surveys with the use of conventional photography or other sorts of
mmaging (such as LIDAR) of shallow water aggregations of juveniles or
adults

* Hydroacoustic sensors mounted on various ships of opporturuty and fixed
moorings

*  Analysis of food 1tems brought back to the nests of coloral seabirds (such
as puffins) as an mndication of the relative abundance of various forage fish
species m particular areas

*  Other net sampling programs that may be under way or contemplated

445 Models

Several hydrographic and circulaion models have been or are being developed
for the ACC (see also Chapter 8, and Appendix F) Models of the relationship of
marine planktoruc production to water column structure were developed n the
EVOS SEA program (Eshnger et al 2001) and are expected eventually to be
developed further under the GEM Program

The GLOBEC nutrient-phytoplankton-zooplankton (NPZ) 1-D and 3-D models
are a suite of coupled biological-physical models concerned with the coastal region
of the GOA They address effects of concern to the GEM Program m the ACC and
offshore cross-shelf transport, upstream effects, local production, and conditions
conducive to suitable juvenile salmon rearing habitat

Models of particular mterest from the FOCI program are the 1-D and 3-D
versions of the Shelikof NPZ models, and the GOA Walleye Pollock Stochastic
Switch Model (SSM) (see Chapter 8, and Appendix F) The Shelikof NPZ models
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are a set of coupled (biological and physical) models designed to exanune
hypotheses about pollock recruitment in the Shelikof Strait region The Pollock
SSM 1s a numerical simulation of the process of pollock recruitment Of particular
mterest to the GEM Program 1s the 1dentification by the SSM of three specific
agents of mortality wind mixing, ocean eddies, and random effects Ecopath
models developed by Okey, Pauly, and others at the Unaversity of British
Columbua are also of interest, especially for PWS, but also for the GOA continental
shelf and slope (excluding fjord, estuarme, and intertidal areas) (see Appendix F)

4 4 6 Candidate Core Monitoring Activities

It appears that the physical oceanographers have developed a level of
understandig about mner-shelf dynamacs that will allow the GEM Program to
1dentify a core set of measurements, locations, and frequencies that address
questions relevant to the GEM Program A core morutoring activity based on the
partnership at the GAK1 station 1s ikely Others may be added mn FY 04 to FY 07
as 1dentified by synthesis and the results of other programs (GLOBEC and FOCI
stations and moormngs) and as funding allows Full core monitoring in the ACC
may not be fully operational until FY 07

4 47 Candidate Core Vanables

The key variables m measuring the productivaty of the ACC are temperature,
msolation, salinity, fluorescence, and abundance of key forage species, mcluding
fish and zooplankton

4.5 Offshore: Alaska
Current and the
Subarctic Gyre

451 Conceptual Foundation for Offshore

In the offshore areas of the Alaska Current and the subarctic gyre, forcing by
winds associated with the Aleutian Low Pressure System (Aleutian Low) hasa
profound effect on production and shoreward transport of plankton Production
and shoreward transport of plankton are determimned by the following

= Upwelling at the center of the subarctic gyre,

= Depth of the mixed layer (freshwater and solar energy mput set up the
mixed surface layer where primary production takes place),

= Possible upwellng of nutrients along the continental slope and at the shelf
break where the shelf break front may direct upwelled water toward the
surface, and
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* Formation of eddies along the shelf break that may incubate plankton m a
favorable environment for production and be mechanisms of exchange
between offshore and shelf water masses Individual eddies may persist
for months and are therefore potentially important in any one growing
season

The contrasts i biological production and shoreward transport of plankton
between mtense and relaxed Aleutian Low conditions m the Alaska Current and
the subarctic gyre are profound In periods with more negative atmospheric
pressure that 1s keyed by the northeastern movement of the Aleutian Low mto the
GOA m winter, the following mterrelated physical changes are observed

*  Acceleration of the cyclomc motion of the Alaska Current and subarctic
gyre,

» Increased upwelling m the middle of the subarctic gyre (and possibly along
the continental shelf),

* Entramment of more of the west wind drift (southerly portion of the
subarctic gyre) northward mnto the GOA, rather than mnto the Califorrua
Current system,

*  Warmer surface-water temperatures and increased precipitation and fresh
water runoff from land,

»  Freshening of the surface layer,

* Increased winds and Ekman transport, and

* Increased onshore downwelling

These phenomena are thought to cause the following biological changes

= The result of the shallower mixed surface layer 1s that the spring plankton
production 1s likely higher (remember that nutrients may not be imuting in
the subarctic gyre),

= Greater standing crops of zooplankton and nekton that have been observed
are probably made possible by the higher productivity of the
phytoplankton,

* More food 1s available for the fish that feed on plankton and nekton, such
as salmon, and

* Salmon populations track mean atmospheric pressure for the wintertime
sea surface on scales of decades

In addition to the multi-decadal oscillations of atmospheric pressure, climate
changes manifested in the northern GOA also mclude periodic El Nifio’s and the
long-term warming of the oceans El Nifio’s have been associated with successful
recruitment of a series of groundfish species, such as pollock, as well as some die-
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off of seabirds. Because the El Nifio phenomenon appears to be manifested solely
in warming of the upper 200 m of the ocean, its biological effects are probably
mediated through water stratification and its relationship to primary production
and growth of larval fish.

The Alaska Current is centered over the shelf break, an area of high biological
activity. The high concentrations of plankton observed at the shelf break, whether
they result from accumulation of plankton originating further offshore, in situ
production, or both, provide a rich resource for a variety of organisms and their
predators. It is not clear that juvenile salmon feed in this regime, but adults of all
salmon species certainly do. Other prominent organisms include sablefish,
myctophids (lantern fish), sea lions, some seabirds, and whales. Well-developed
benthic communities exist on the outer shelf, shelf break, and continental slope,
including commercially exploited populations of shrimp, crab, cod, halibut, and
pollock. Some fishing activities, such as bottom trawling, have the potential to do
habitat damage and possibly limit populations of animals associated with the sea
bottom. Issues associated with the balance between production and removals of
commercially important species are of the utmost societal importance in Alaska
and further ecological information, modeling, and synthesis centered on the
Alaska Current regime is necessary.

4.5.2 Potential Offshore Questions:

a. What is the annual variability in the production of zooplankton in the
offshore areas?

Specific Information Needs: Abundance of zooplankton on time and
space scales appropriate to understanding annual production.

b. How are the supplies of inorganic nitrogen, phosphorus, silicon, and
other nutrients essential for plant growth in the euphotic zone annually
influenced by climate-driven physical mechanisms in the GOA?

Specific Information Needs: Measurements of inorganic nitrogen,
phosphorus, silicon, and other nutrients on time and space scales
appropriate to understanding annual variability.

c. What is the role of the Pacific High Pressure System in determining the
timing and duration of the movement of dense slope water onto and
across the shelf to renew nutrients in the coastal bottom waters?

Specific Information Needs: Synoptic information on sea level pressure
and horizontal and vertical structure of density and nutrients on the
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3

outer continental shelf and Alasha Gyre in relation to the ACC on
appropriate tume and space scales

- d Is freshwater runoff a source of iron and silicon that 1s important to
marme productivity m the offshore and adjacent marme waters?

Specific Information Needs Levels of biologically available silicon and
1ron from offshore water mn relation to the ACC on appropriate time
and space scales

e Does ron imitation control the species and s1ze distribution of the
phytoplankton commuruties in the offshore areas?

Speaific Information Needs Levels of biologically available iron and
species composition and size distribution of the phytoplankton
commuruties from offshore water on appropriate time and space scales

4 53 Program Implementation

As with the ACC portion of the program, results of GLOBEC research need to
be carefully considered before implementation of long-term monitoring in this
broad habrtat type Thus deliberate approach 1s reflected m the emphasis on
synthesis for thus habitat type mn the early years of the proposed schedule for
mmplementation (Table 4 4)

4 5 4 Prospective Partner Activities

Support of partners m existing monitoring projects may be necessary to obtain
sufficient mformation for design of a monitoring program Because of the expense
of tiating most offshore sampling programs, careful selection of partners and the
use of long-term, low-frequency data gathering will be key strategies for
understanding decadal-scale changes m this environment Current efforts to apply
the contmuous plankton recorder technology on ships of opporturuty n the GOA
offer partnership opporturuties Extension of existing ships of opporturuty
programs to mclude measurement of variables of mnterest to the GEM Program 1s
also a possibility

455 Models

The GLOBEC NPZ 1-D and 3-D models are discussed above m Section445 A
broader model addressmg NPZ for the entire North Pacific 1s the North Pacific
Ecosystem Model for Understanding Regronal Oceanography, m which fluxes of
nitrogen, silicon, and carbon will be tracked (see Appendix F)
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Table 4 4 Proposed Implementation Schedule for Offshore Habitat

Monitoring Activity Data
Fiscal Year Core Partners Model Management
2003 Synthesis Monitor Statistical(c) Coordination (p)
Research
2004 Synthesis Monitor Statistical(c) Coordination (p)
Research Archiving(p)
2005 Synthesis Monitor Statistical(c) Coordtnhation (p)
Research Numerical prototype (p) Archiving (p)
Distribution (p)
2006 Synthesis Monitor? Statistical(c) Coordination (p)
Numerical (p) Archiving (p)
Distrnibution (p)
2007 Synthesis Monitor? Archiving (p)
Numerical (p) Distnibution (p)

Notes
¢ = core (GEM Program supported) activity
p = partnership (jointly supported) activity

Prospective partners NPRB, NOAA (NMFS/NOS), Canadian Department of Fisheres and
Oceans (CDFO), Japan Fishery Agency

Candidate core monitoring activities GLOBEC stations, Valdez-Long Beach Line, and other
ships of opportunity

Candidate core variables nutrients detritus and plankton, temperature and salinity

45 6 Candidate Core Monitoring Activities

A reasonable oceanographic program in the ACC can probably be extended
across the shelf break with the use of existing GLOBEC, FOCJ, and OCC sampling
stations, moorings, and transects The use of the Valdez-Long Beach hne with o1l
tanker-mounted fluorescence and zooplankton sampling gear appears to be an
attractive methodology for long-term, low frequency sampling over large spatial
scales

457 Candidate Core Varables

Particularly crucial aspects of the offshore environment are physical processes
and attendant biological responses at the shelf break and front (for example, extent
of deep-water intrusion onto the shelf in the late summer and fall), the mixed layer
depth n the Alaska Gyre in the spring-summer, and Ekman transport of offshore
production onshore Measurements of basic variables are essential to
understanding the role of these offshore aspects i affecting productivity of other
habitats These variables include temperature, salinity, nutrients, detritus, and
plankton
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To mamtam the value of the long-term

46 Conclusions. monatormg program, data collection and

Moving the GEM  sampling protocols will necessarily be

Program Forward conservative, changing only with demonstration
of substantial need, and then only after careful
deliberation Therefore, 1t 1s critical that GEM choose 1ts mornutoring projects with
caution and deliberation The process envisioned will select research projects
the early years of the program that show promuse of leading eventually to
mclusion m the long-term morutoring program Research will be focused around
matial research questions developed through the STAC and subcommuttee
processes (see Chapter 5), using the questions provided i this chapter as a starting
pomt for deliberation In the mitial years of the program, research projects will be
selected through a sohcitation process The Trustee Council will 1ssue the request
for proposals with recommendations from the STAC, the Public Advisory
Comnuttee and community mvolvement (see Chapter 5) As the GEM Program
matures, requests for proposals may become mcreasingly targeted toward requests
for specific research and monitormg projects and capabilities However, a portion
of the available funds will continue to be allocated to the mnovative synthesis and
research proposals necessary to mamtain hugh standards of scientific rigor and cost
effectiveness Workshops and subcommuttees will be important mecharsms to
mvolve the public, including resource managers, commurnties and other
stakeholders, m selecting research and monutormg activities
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5. PROGRAM MANAGEMENT: ADMINISTRATION,
PUBLIC AND COMMUNITY ADVICE AND
INVOLVEMENT, SCIENTIFIC GUIDANCE, AND DATA
POLICIES

In This Chapter

» Program Adminustration

»> Providing for Public and Commuruty Advice and Involvement

> Process for Providing Scientific Advice, Review and Management

> Establishing Data Management Office and Pohcies

5.1 Administration The admimistration and management of the GEM
Program must be cost-efficient, have a high degree
of scientific credibility, and provide for public access and accountability

The GEM Program will be administered by a core professional staff that 1s not
directly affihated with any particular agency, mstitution, or program Thus 1s
currently the case with the management of the Exxon Valdez O1l Spill Trustee
Council Office (Figure 51) An executive director will oversee the financial,
program management and admurustrative, scientific, and pubhic mvolvement
aspects of the program The executive director and staff, while housed for
admiustrative purposes in a smgle government agency, will work under a
cooperative agreement for all six trustees The Trustee Council and staff will
actively solicit advice on science and policy matters, mcluding review of
monitorng and research activities, from experts, including the Scientific and
Technical Advisory Commuttee (STAC), and from the public, mcluding the Public
Advisory Commuttee (PAC)

511 The Work Plan

A Work Plan will document the current activities that implement the program
As projects for monitormg and research are approved by the Trustee Council, they
will become part of the Work Plan The Trustee Council may be asked to adopta
new Work Plan each year, or they may be asked to adopt new groups of projects
mto the Work Plan on a periodic basis
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Figure 5 1 The organizational elements involved in GEM implementation Modified
In response to comments from the Nation Research Council

51 2 Proposal Development and Evaluation Process

The proposal development and evaluation process will have the following
elements or steps, which are also shown mn Figure 52 As implementation of the
GEM Program begins, however, these steps may be modified as efficiencies and
improvements are found

» A “State of the Gulf” workshop will be held periodically, at which the
current status of the health of the Gulf of Alaska (GOA) ecosystem will be
assessed Project mvestigators, peer reviewers, resource managers,
stakeholders, and the public will be mvited to this meeting, at which
research and morutoring results will be presented and discussed In some
years, thus workshop will be replaced by or augmented with a process of
consultations and workshops with various commuttees and work groups of
science and public advisors to evaluate and affirm or revise priorities

»  An Inuitation to Subnut Pioposals, which will specify the types of proposals
that are priorities for consideration to implement the mission and goals of
the GEM Program, will be 1ssued periodically Research proposals are
envisioned to be of finite duration and have short-term goals (for example,
2to 5 years) Monutoring projects will be evaluated and renewed on longer
time scales (such as once every 5 years) The Invitation(s) will be the vehicle
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for notifymg the scientific commuruty, the public and others that proposals
will be considered during a certain period of time

Proposals recerved m response to the Invitation will be circulated for
technical peer review (see below) In addtion, proposals will be reviewed
by the STAC and appropriate subcomnuttees for their ability to contribute
to the mformation-gathering needs of the central hypothesis and questions,
and also for how they contribute to meeting the programmatic goals and
strategies of the Trustee Council (see Chapters 1 and 3), such as promoting
commuruty mvolvement, developing resource management apphications,
and leveraging funds from other sources Past performance of principal
mvestigators will be assessed Staff will also review all budgets

Comments from the PAC and the general public will be sohicited A
reasonable period of time for pubhic comment will be built mito the review
process

The executive director will present to the Trustee Council the
recommendations of the STAC and PAC, a summary of any additional
public comment, and additional recommendations if appropriate

The Trustee Council, after recerving advice from 1ts public and scientific
advisors and staff, will vote on which proposals to fund

GEM Proposal Evaluation Process

S5TATE OF THE GULF
WORKSHODPS AND REPORTS
INVITATION WORK PLAN
PROPOSAL
) TRUSTEE COUNCIL
) ADOPTION
PUBLIC REVIEW  TECHNICAL REVIEW STAFF
«DubficAdylory  * Peer Review RECOMMENDATION
Lamnatiee « Cotryrattens

« Generyl Pubhe » Stoiff

-~

Figure 5 2 GEM Proposal Evaluation Process
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51 3 Reports and Publications

Annual and final reports will be required for all projects, following established
procedures To ensure that mvestigators are making satisfactory progress toward
project objectives, staff will review annual reports In addition, annual reports may
possibly be sent out for independent peer review Fmal reports will be subject to
mdependent peer review, and comments from the independent peer reviewers
must be addressed in the final versions of final reports All final repoxts will be
archived at the Alasha Resources Library and Information Service (ARLIS) and
available on the Trustee Council’s web page

Publications 1n the peer-reviewed literature will be expected of program
participants

514 Peer Review

Each project, as well as some annual and all final reports, will be peer-reviewed
by appropriate experts identified by staff who, as a rule, are not also conducting
projects funded by the Trustee Council The peer review may be either paid or
volunteer, whichever 1s most expeditious and appropriate The external peer
review process will provide a rigorous critique of the scientific merits of all
monutoring and research proposals and selected reports Review functions may be
carried out in writing, by telephone and occasionally on site or i person

Special review panels may be convened from time to time to evaluate and make
recommendations about aspects of the GEM Program At other times, special
panels may meet with project mnvestigators and others to fully explore particular
topics, problems, or projects

515 External Program Review

The Trustee Council 1s commutted to review of the program by an outside
entity, such as the National Research Council, at periodic mtervals This review
will look at the program’s structure and implementation to ensure that the GEM
muassion and goals are bemg achieved

The mmportance of public participation m the

52 Publicand Trustee Council process, as well as establishment
Community of a public advisory group to advise the trustees,
Advice and was specifically recognized 1n the Exxon Valdez
Involvement settlement and 1s an mtegral part of the agreement

between the state and federal governments

The Trustee Council 1s commutted to public mput and public outreach as vital
components of the long-term GEM Program Figure 5 1 illustrates the role of public
participation mn the GEM Program
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521 Public Advisory Committee

The Public Advisory Group (PAG) mn effect from 1991 - 2002 has 17 members
representing 12 mterest groups and the public at large, as well as two ex-officio
members from the Alasha Legislature The charter for a new Public Advisory
Commuttee (PAC) will be certified mn September 2002 The PAC will consist of 20
members, representing 14 distinct public interests The PAC will meet at least
twice a year to provide broad program and policy guidance to the Trustee Council
and staff on the overall development and progress of the GEM Program The
group will take an active role in setting priorities and ensuring that the overall
program 1s responstve to pubhc mnterests and needs

5 2 2 Public Advice

The Public Advisory Commuttee 1s not the only source of public advice for the
Trustee Council  Opporturuties for public advice and comment are incorporated
throughout the process The Trustee Council 1s a public entity subject to the State
of Alasha Open Meetings Act and corresponding federal laws All meetings are
public, noticed to the public, and mclude a formal public comment period
Newsletters, annual reports, public meetings m communities m the spill-affection
region, and the Trustee Council’'s Web site (www o1lspill state ak us) are all tools to
promote and encourage pubhc mput and participation

52 3 Public and Community Involvement

The Trustee Council 1s commutted to mcorporating public and commurty
mvolvement in the GEM Program at all levels This means not just providing
advice on proposals and policies, but mvolving communities early on m
developing research hypotheses and questions and helping decide what variables
to monitor and mn what locations

Developing a program that mcludes extensive community mvolvement will be
a challenge, and will necessarily evolve over time The Trustee Council 1s funding
several planning projects n FY 02-FY 03 to further develop ways to better
mcorporate local and community mvolvement mn the GEM Program

Ongoing efforts mclude, but are not limated to, these elements

»  Commuruty meetings where community members are asked to 1dentify
and provide information on 1ssues and questions that are most important to -
them

= Public, stakeholder and commuruty membershup on the Public Advisory
Comnuttee Expansion of the commuttee size to allow greater participation
by commurties and stakeholders

*  Community representation on all subcommuttees and work groups used mn
developmng and implementing the GEM Program Making funding
available to encourage participation i subcommuttees and work groups
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* Jomt meetings between the Scientific and Technical Advisory Commuttee
and the Pubhic Advisory Commuttee to foster commumication between
scientific interests and community mterests

=  Membership of at least one STAC member on the PAC

* A proposal solicitation and review process that encourages community-
based proposals

» The mclusion of communty-based monutoring programs and traditional
knowledge in the GEM Program, especially m the watershed and
intertidal/subtidal habitats

In addition to peer review of individual proposals
53 Scaentific Advice, and publc review and advice, a commuttee and
Review and work group approach will be used to guide GEM
Management Program development and mplementation

531 GEM Science Director

The GEM Program Science Director will work closely with other scientific
advisory bodies, and will be the staff member tasked with overseemng
mmplementation of the science program and informing interested commuruties of
the program’s results The Science Director will work with other Trustee Council
staff in overseemng implementation of research and monitoring activities, ensuring
tumely delivery and dissemnation of research results, and mamtaming the GEM
database The Science Director makes recommendations to the Executive Director
and the Trustee Council on program implementation and development

5 3 2 Scientific and Technical Advisory Committee (STAC)

The STAC 1s a standing commuttee that 1s expected to provide the primary
scientific advice to the Executive Director on how well the collection of proposed
monitormng and research projects (the work plan) and the GEM Program meet the
nmussion and goals of the program and test the conceptual foundation

The STAC has three primary functions

1 Prowvide leadership m 1dentifying and developing testable hypotheses
relevant to the conceptual foundation of the GEM plan, consistent with the
mussion, goals and pohicies of the Trustee Council.

2 Make recommendations to the Executive Director and GEM Science
Drirector on preparation of the science program and implementation plans,
proposal sohcitation and peer review, and selection of research, monrtormg,
synthesis, modeling and other studies best suited to meeting the goals of
the GEM Program
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3 Provide support and oversight to subcommuttees and ad hoc work groups
as needed (see below)

The STAC 1s composed of emeritus and senior scientists and others selected
primarily for their broad expertise and leadership who serve for four-year,
staggered renewable terms At least one of the scientists serving on the STAC also
serves on the PAC The STAC members are not principal mvestigators for GEM
projects Institutional and professional affibiations are of interest in selecting
members, because connections to other marme science programs are valuable for
ensurmg collaboration and coordmation on GEM Program implementation The
GEM Science Director 1s a co-chair and non-voting member of the STAC

533 Subcommittees

Subcommuttees are standing commuttees organized to address specific aspects
of the GEM Program, to facilitate coordimation among scientists, resource
managers, and the public and communities, and to help the STAC provide
leadership and oversight for the program

The functions of the subcommuttee(s) are to

* Recommend to the STAC testable hypotheses, items for mvitation and peer
reviewers,

* Identify and help guide implementation of core mortormg stations and
variables that are relevant to the key questions and testable hypotheses,

* Advise on, or possibly convene special review panels or work groups
about, aspects of the GEM Program

The subcommuttees are composed of scientists, resource managers, educators,
and community members selected for knowledge, expertise or famibarity with the
1ssue around which the subcommuttee 1s created For example, subcommnuttees
could be developed around each of the broad habitat types (watersheds, mtertidal
and subtidal, Alaska Coastal Current (ACC), and offshore) or just one overall
habitat, ingering o1l effects, data management systems and mformation
technology, modehng, monitoring or other GEM Program areas Subcommuttee
members can be principal investigators on current GEM funded projects
Institutional, professional, and other affiliations will also be of mterest in selecting
members to promote collaboration and cooperation

53 4 Work Groups

The STAC and subcommuttees may periodically form ad hoc work groups to
develop specific products as requested Work groups could also be charged with
solving a particular problem mn a fimite amount of time, such as the proper location
of an oceanographic mooring
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535 Workshops

The STAC or subcommuittees may recommend organizing workshops to
provide mput on core variables for monitoring, research activities, commurty
mvolvement strategies, and other program elements The GEM Program
anticipates that workshops will play an important role i implementing the science
program and dissenunating the results of GEM research to resource managers and
communities

The Data Management Office will be an essential

. D
5.4 Mata t and component of the GEM Program The office will
anagement and ;. ded by a Data Systems Manager who will
Information

evaluate continuously the evolving mnformation
Transfer management needs of the GEM Program, and

1dentify and recommend cost-effective solutions to
the Executive and Science directors Over fime the mix of m-house supporting staff
and out-sourced tasking may vary, but there will be a long-term commitment to
providing consistent and hugh quality data management support (data quality,
archive, and analysis) to the GEM Program Staff i the Data Management Office
will coordinate with other agencies in regard to data management and information
transfer, manage computing resources, develop software programs, and mamntain
web sites in support of the GEM Program In addition, staff m the Data
Management Office will be responsible for developing and ensuring comphance
with data policies and procedures !

Data management and mformation transfer policies are an mtegral part of GEM
Program management Clear and effective approaches for information gathering,
archiving and dissemunation are essential to the successful operation of a long-term
ecosystem science project such as the GEM Program Because the GEM Program 1s
regional mn geographic scope, with goals of cooperation, coordmation, and
mtegration with existing marine science programs, data management and
mformation transfer policies are to be compatible with, and similar to, existing
norms for state, federal, and nongovernmental marine science programs
Whenever possible, existing norms will be adapted or adopted for use by the
Trustee Council Standards adopted by the Federal Geographic Data Commuttee,
GLOBEC, and the US Environmental Protection Agency’s (EPA) Environmental
Monitoring and Assessment Program (EMAP), and other organuzations will be
considered for developing GEM data management and mformation transfer
policies (Options and procedures for data management and mformation transfer
are considered m more detail m Chapter 9)

The GEM data management and mformation transfer policies will incorporate
the following broad elements

* A commitment to making data and models available m a well documented
and understood form
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Full and open sharmg of data and models at low cost, after verification and
validation

Timely availabihity of data and models

Acceptance of and adherence to the data policies as a condition for
participation in the GEM Program and recerpt of funding

Adherence to data collection and storage standards

Availabihty of data and models on the GEM public web site, or through a
national public archive

Long-term archuving of all data and models i a designated storage facility

Proper metadata, including identification of the origin of all data and
models with a citation
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6. INTRODUCTION TO THE SCIENTIFIC FOUNDATION

In This Chapter
> Leading Hypotheses in Marme Ecosystems

> Prmcipal Ecological Concepts

6.1 Introduction

GEM's mussion, as defined in Chapter 1, 1s to

Sustain a healthy and biologically diverse marine ecosystem mn the
northern Gulf of Alasha (GOA) and the human use of the marine
resources mn that ecosystem through greater understanding of how
1ts productivity 1s influenced by natural changes and human
activities

As developed m response to this nussion, a comprehensive, general conceptual
foundation 1s the basis for the GEM Program (Chapter 2) The vahdity of the
conceptual foundation 1s essential to the success of the GEM Program by virtue of
its use to generate the hypotheses and questions that drive monitoring and
research Chapter 6 begins the process of establishing the scientific credentials of
the conceptual foundation by presenting the leading hypotheses on structure and
function of marine ecosystems and the principal ecological concepts on whuch 1t 1s
based Chapter 7 continues and concludes that process with a presentation and
synthesis of relevant scientific hiterature

This section reviews leading hypotheses that
explain changes 1 biological production as a
result of natural and human activities

6.2 Some Leading
Hypotheses

6 2 1 Match-Mismatch Hypothesis

The essence of the match-musmatch hypothesis 1s

e Populations of orgarusms are adapted to certam environmental
conditions

¢ When those conditions change rapidly, predator and prey populations
may not track i the same way
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¢ Asaresult, transfer of energy mto the hagher levels of the food web 1s
compromuised

This hypothesis has been proposed by Mackas to explain changes m production
with the slow shuft to earhier emergence of Neocalanits copepods at Ocean Station P
n the last several decades (Mackas et al 1998) The match-mismatch hypothesis
was also mvoked by Anderson and Piatt to explain ecological changes observed mn
a long time series of small-mesh trawl sampling around Kodiak Island and the
Alaska Penimnmsula (Anderson and Piatt 1999)

6 2 2 Pelagic-Benthic Spilit

Eshnger et al (2001) suggested that strong mshore blooms of spring
phytoplankton that occur in conditions of strong stratification put more biological
production mto the benthic ecosystem, i contrast to weaker, but more prolonged
blooms, that occur i cool and windy growing seasons Under the latter conditions,
1t has been proposed that biological production is moze efficiently used by the
pelagic ecosystem and that relatively less of the production reaches the benthos It
1s conceivable that during a seres of years m which one condition 1s much more
prevalent than the other, food nught be reallocated between pelagic-feeding and
benthic-feeding species and be reflected in changes 1n these populations Strong
year classes of particular long-hved species also might result from conditions of
strong stratification causing more biological production or weaker blooms, leading
to dominance of the system by certain suites of species

6 2 3 Optimum Stability Window Hypothesis

Gargett (1997) proposed that there 1s a pomnt mn the range of water stability
below which water 1s too easily mixed downward, resulting in less than maximum
productivity, and above which the water 1s stratified to the extent that 1t resists
wind mixing Gargett proposed that the fluctuating differences mn salmon
production between the Califorrua Current and subarctic gyre domains are
ultimately the result of these two systems being on different parts of this response
curve at different trmes

6 2 4 Physiological Performance and Limits Hypothesis

A number of explanations for long-term change more simply propose that the
abundance of certain species, mamly fish, 1s a direct response to thewr physiological
performance at different temperatures Under this hypothesis, the changes in
domunance of cod-like fishes and crustaceans that were seen in eastern Canada
around 1990 and 1n the northern GOA around 1978 were mitially a response to
warm (ascendancy of gadids) or cold (ascendancy of crustaceans) water
temperatures In other words, the main agents of change are the direct effects of
water temperatures acting on physiological functions of ndividuals, in addition to
the combined effects of freshwater mnput, winds, and temperature on ecological
processes
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6 25 Food Quality Hypothesis

The food qualty hypothesis 1s also referred to as the junk food hypothesis It
attributes declimes of many higher trophic-level orgarusms observed m the last
several decades (harbor seals, sea lions, and many seabirds) to the predominance of
suites of forage species that have low energy content (less lipid) than previous food
sources (for example, gadids and flatfishes) Consistent with this hypothesis 1s
evidence from the Trustee Council’s Alaska Predator Ecosystem Expermment
program, which showed that 1t takes about twice as much pollock as herring to
raise a Mittiwake chick to fledging during the nesting season (Piatt and Van Pelt
1998, Patt 2000, Romano et al 2000) With the relative rarity of capelin and sand
lance m the diets of seabirds m Prince Wilham Sound (PWS) during the last several
decades, 1t seems that many of the population declines might be at least partially
attributable to the role of these fatty fish in seabird diets The change m food
sources has been advanced for marine mammal populations that have been mn
decline

6 2 6 Fluctuating Inshore and Offshore Production Regimes
Hypothesis -

Although the fluctuating inshore and offshore production regimes model 1s
closely related to the Gargett hypothesis of an optimum stability window, 1t
proposes that under the same set of atmospheric forcing conditions opposite
production effects are seen inshore and offshore Figures 6 1a-d dlustrate some
features of this model

The model was developed from observations during the last several decades
that populations of many seabirds, harbor seals, and sea lions, which forage mamnly
m mshore waters, have been decliung while marine survival of salmon and hugh
levels of offshore plankton and nekton suggested that offshore productivity was
very high It 1s proposed that the various mamnifestations of chmate forcing have
combined simce about 1978 (positive Pacific Decadal Oscillation [PDO]) to make the
ocean more productive offshore Characteristics of the offshore ocean mclude more
upwelling of deep nutrients and a mixed surface layer that 1s shallower and more
productive These same climatic conditions are proposed to have made the inshore
areas of the GOA less productive During the positive PDO, greater freshwater
supply (precipitation on the ocean and terrestrial runoff) results in greater-than-
optimal nearshore stratification Also, during the positive PDO, greater winds
cannot overcome the stratification during the growing season, but do inhibut the
relaxation of downwelling Therefore, fewer nutrients are supphied to the mshore
regime from the annual run up of deep water onto the shelf During a negative
PDO, the opposite pattern m biological response results from a colder, less windy,
and drier maritime chimate
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627 627 Human Impacts Hypotheses

Hypotheses on human mpacts explain alterations of ecosystems as the result of
human activites Changes m species composition, alteration of the relative
abundances of species and their food species, and changes m production and
productivities of populations of plants and arumals are widely accepted as bemg
consequences, to some degree, of human activities (Jachson et al 2001) An
important, constant dilemma 1 the history of natural resource management 1s
distinguishing between human and non-human causes of fluctuations m
production of biological 1esources through time (Mangel et al 1996, NRC 1999)
Indeed, this classic dilemma 1s the origin of the central hypothesis for GEM A
large body of existing hypotheses, summarized below, view specific human
activities, such as harvesting and pollution, as causes of changes in biological
production that are direct or indirect sources of mortahty for plant and animal
populations, ncluding those of humans

6.2.7.1 Theory of Sustainable Fishing

According to the theory of sustamable fishing, 1t 1s possible to strike a balance
between the losses caused by human and natural forces, and the gains due to
reproduction and growth, such that the abundance of a species 1n an area remains
constant through time Also known as the deter mnistic theory of fishing (Qunn and
Deriso 1999), this theory has intellectual origms mn the equation of logistic
population growth first introduced 1 this context in 1837 (Qumn and Deriso 1999),
and m even older concepts of population regulation that can be traced to the late
eighteenth century (1798) It 1s well known that the 1deal of a constant population
size regularly producing predictable amounts of biomass for human consumption
In perpetuity 1s rare m the case of wild populations (1973) (Ricker 1975, Quunn and
Deriso 1999) Nonetheless, this 1deal 1s the basis for the legal, scientific and popular
concepts of sustamable uses of all types of renewable natural resources, and 1t
motivates the need for GEM to distinguish between, and to help quantify, natural
and human caused sources of mortalty

The onigmal basic theory of sustainable fishing has been expanded to include
the concept that the process of fishing sustamably for one species may not
constitute fishing sustamably for other species (Qumn and Deriso 1999) For
example, one of the operating hypotheses for investigations of causes for dechne of
the Steller sea ion 1n the Gulf of Alaska by the National Marme Fisheries Service
(NMFS 2002) 1s that the declines are due to commercial fisheries out-competing the
sea lion for food Starvation and associated nutriional stress are hypothesized to
be direct agents of mortality and causes of lowered reproductive rates

Fisheries are also hypothesized to compete with terrestrial species by lowering
the overall productivity of watersheds m the GEM region and adjacent areas,
thereby also reducmg the production of salmon that originate m those watersheds
(Fmney 1998, Fmney et al 2000, Gresh et al 2000, Finney etal 2002) Transport of
nutrients from the marme environment to the watersheds by anadromous species,
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principally Pacific salmon, 1s thought to be important for sustaining the overall

< productivity of some types of watersheds, mcludmng the salmon species themselves
(Mathusen 1972, Kline et al 1990, Kline et al 1993, Bilby et al 1996, Mathisen et al
2000) Note that application of the determurustic theory of fishing without mclusion
of nutrient-effects could lead to a downward spiral m the annual production of the
salmon species being managed, mstead of the constant population predicted by the
theory (Finney et al 2000) As the salmon fishery removes nutrients from the
watershed, the carrymg capacity of the watershed for salmon 1s lowered, thereby
causing the determurustic theory of fishang to prescribe to managers a lower
“sustainable” level of spawners The lower level of spawners means even less
nutrients and a lower level of productivity for the watershed Lower productivity
means an even lower estimate of “sustamnable” spawners from the theory, leading
to less nutrients for the watershed, and a downward spiral n salmon production

6.2.7.2 Ubiquitous Distribution and Northern Concentration of
Anthropogenic Contaminants Hypothesis

Transport of contaminants from sites of release in lower latitudes by
atmospheric and oceanic processes and through biologic pathways concentrates
anthropogenic contaminants m northern ecosystems m even the most remote,
ununhabited regions of the northern hemisphere, mcluding the GEM region (Crane
and Galasso 1999) Contaminants produced by human activities m human-
populated areas, principally radionuclides, organochlorines, and heavy metals,
alter ecosystems 1n all parts of the world by changing rates of biological production
(productivities), as agents of direct and indirect mortality For example, one of the
operating hypotheses for nvestigations of causes for dechne of the Steller sea hon
m the Gulf of Alaska by the National Marine Fisheries Service (NMFS 2002) 1s that
the declines are due to reproductive imparment and mortality resulting from
contaminants from distant and local sources Also m the GEM region, two
organochlormes, polychlormated biphenyls (PCB) and the pesticide
dichlorodiphenyltrichloroethane (DDT), were found to be transported to remote
localities m the Copper River dramage (circa 639 N 1450 W) by mugratory fish
species and by wind (Ewald et al 1998) Both DDT and PCB concentrations per
mdividual mcrease as they move through the food cham, with both at times being
found in very hugh concentrations near the top of the food chamn m birds and
mammals, ncluding humans DDT 1s well known to cause reproductive
impairment, especially m buds Metabolites of DDT (p,p” ~-DDE) were found n
blubber taken by biopsy of killer whales m Prince William Sound in concentrations
‘ high enough (21 - 210 ppm) to suggest reproductive impairment and infant
mortahty, and relatively high concentrations of other organochlormes were also
found (Yltalo etal 2001) PCB 1s known to cause pathological changes in
reproductive and immune systems For example, relatively high concentrations of
PCB mn the mulk fat of Inuit women are consistent with the high incidence of
mnfectious disease among Inuit infants mn Arctic Quebec, Canada (Dewailly et al
1993)
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6.2.7.3 Anthropogenic Distribution of Exotic Species Hypothesis

According to this hypothesis, human transport of vertebrate and mnvertebrate
species causes changes 1n ecosystems by radically changing species composition
and relative abundances of species through alterations of food web (trophuc)
pathways and mteractions The food webs of the GEM region appear to be
susceptible to alteration by certain freshwater and anadromous fish species that are
known to be able to complete their Iife cycles at these latitudes Atlantic salmon,
northern pike, and yellow perch (ADF&G 2002) Anthropogeruc introductions of
both northern pike and yellow perch have been documented, and Atlantic salmon
have become established to the south m British Columbia as a result of failed pen
rearing operations In addition, a number of other vertebrate and invertebrate
arumal species and a number of freshwater and salt marsh plants may be able to
establish themselves m the GEM region if mtroduced (ADF&G 2002)

6.2.7.4 Cumulative Human Effects Hypothesis

Individual mstances of fishing, mtroduction of contaminants, transpoxrt of
exotic spectes, and other human 1mpacts that are not alone sufficient to cause
discerruble changes 1 the ecosystem are mexorably accumulated through time to
levels that can and do profoundly alter the habitats and trophic pathways of the
ecosystem, thereby reducing production of many anumal and plant species Asa
corollary, cumulative effects are directly proportional to human population density
and they can reach levels that prohibit any sustamable human use of certain species
(Mangel et al 1996) For example, many salmon populations near and adjacent to
human centers in the Pacific Northwest (California, Oregon , Washington, Idaho)
are now categorized by the federal government as threatened or endangered, and
can no longer provide a harvestable surplus with respect to humans, (Stouder et al
1997), whereas salmon populations m areas of low human densities are producing
hustorical record-high levels of harvest (Mundy 1996) Further it 1s self-evident
that environments around urbanized areas (such as Los Angeles, Puget Sound,
Boston Harbor, San Francisco Bay, and New York Bight) and watershed systems
(Columbia River Basmn and San Joaquin River) have highly altered ecosystems that
contam mvasive exotic species, mdividuals mpaired by contammation, and fish
populations that have been highly altered by the combined effects of various
human impacts It appears that this degradation occurred over a long period of
time and as a result of the combmned 1mpacts of many different human activities

Production at the base of the food web, primary

6.3 Princpal productivity, 1s strongly mfluenced by physical
Ecological forces, and ultimately determimnes ecosystem
Concepts productivity However, the abundance of any

particular population within the food web
depends on three things mmmediate food supply (prey), removals (mortality), and
habitat

All arumals and plants m the oceans ultumately rely on energy from the sun or,
m some special cases, on chemical energy from within the earth The amount of
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solar energy converted to living material determines the level of ecosystem
production (total amount of living material and at what rate 1t 1s produced) Asa
rule of thumb, populations of individual species (such as salmon, herrmng and
harbor seals) cannot exceed about 10 percent of the biomass of their prey
populations (about the average conversion of prey to predator biomass) Therefore,
the amount of energy that gets mcorporated mto living material and the processes
that deliver this material as food and energy to each species are key factors
mfluencing reproduction, growth and death 1 species of concern Increases in
prey, with other factors such as habitat being equal, generally allow populations to
mcrease through growth and reproduction of mdividual members At the same
time, there are factors that lead to decreases in populations, loss of switable habutat,
decreases in growth, reproduction and immagration, and mcreases i the rate of
removal (death and emigration) of individuals from the population As a result,
the combined effects of natural forces and human activities that determune food
supply (bottom-up forces), habitat (bottom-up and top-down forces), and removals
(top-down forces) determune the size of amimal populations by controlling
reproduction, growth, and death

6 3 1 Physical Forcing and Primary Production

The vast majority of the energy that supports ecosystems m the GOA comes
from capture, or fixation, of solar energy m the surface waters How much of this
energy 1s captured by plants m the ocean’s surface layer and watersheds and
passed on ultimately determines how much biomass and productton occur at all
levels m the ecosystem Capture of solar energy by plants n the oceans and
watersheds and the conversion of solar energy to living tissue (prumary
production) depends on several interacting forces and conditions that vary widely
from place to place, season to season, and year to year as well as between decades
Needless to say, without a clear understanding of how these changes occur, 1t will
not be possible to understand the most important aspects of ecological change m
the GOA The process of capturng solar energy 1s explamned below

First, in the ocean, primary production occurs only m the relatively shallow lit
photic zone (a few hundred feet) In watersheds, cloud cover and shading play a
larger role m variability of productivity Second, plants that fix thus energy, by
usimng 1t to make simple sugars out of carbon dioxide and water, depend on
nutrients which are absorbed by the plants as they grow and reproduce Solar
energy that 1s not captured by plants i the ocean warms the surface waters,
making it less dense than the water beneath the photic zone, which causes layering
of the water masses A continuous supply of nutrients to the surface waters 1s
necessary to maintain plant production Likewise, terrestrial plants depend on
nutrients carried from the ocean by anadromous fish Because the deep water of
the GOA 1s the main reservorr of nutrients for shallow waters, and apparently also
an mportant source for watersheds, the processes that bring nutrients to the
surface and mnto the watersheds are key to understanding primary, and, therefore,
ecosystem productivity Changes 1 nutrient supply on time scales of days to
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decades and spatial scales from kilometers to hundreds of klometers have
mmportant impacts on prmmary production, generating perhaps as much as a
thousand-fold difference mn the amount of solar energy that 1s captured by the
Iiving ecosystem Nutrient supply from the deep water 1s mfluenced by the
properties of the shallower water above (mainly because of the decreasing density
of the water toward the surface) Nutrient supply 1s also mfluenced by physical
forces that can overcome the density differences between deep and shallow water-
namely, wind acting on the water surface and tidal mixing For watersheds,
nutrient supply apparently depends strongly on biological transport of marme
nitrogen by salmon, whach die and release their nutrients n fieshwater, as well as
other sources (such as nitrogen fixers)

As demonstrated m the scientific bachground in Chapter 7, the knowledge of
nutrient supply in the GOA, both how 1t occurs and how 1t may be changed on
multi-year and multi-decadal scales, 1s very rudimentary As the energy of the
wind and tides muxes surface and deeper water, 1t not only brings nutrients to the
surface layers, but also mixes algae that fix the solar energy down and out of the
photic zone, which tends to decrease primary production Therefore, other factors
bemng equal, continuous high primary production i the spring-summer growmg
season 1s a balance between enough wind and tidal mixing to bring new nutrients
to the surface, but not so much wind or tidal mixing that would send algal
populations to deep water The seasonal changes m downwelling, solar energy,
and water stratification that set up the annual plankton bloom are described m
Section 7 1 4, of the scientific background Asnoted in that section, however, 1t 1s
not well understood how differences m physical forces from year to year and
decade to decade change primary production many-fold i any particular place

6 3 2 Food, Habitat, and Removals

Increases m mmediate food supply (prey) will translate to population mcrease,
all other factors bemg equal The allocation of energy in each mdividual 1s key to
growth of the population 1t belongs to Food supply 1s converted mto population
biomass through growth and reproduction of individuals in specific favorable
habitats Therefore, factors in the habitat such as water temperature, distribution of
prey, and contamnants that can mfluence the allocation of food energy to the
followmg activities will influence the population size chasing and capturing prey,
mamtamung body temperature (for homeotherms and other physiological
processes), growth, and reproduction

Removals are all the processes that result m loss of individuals from the
population, or mortality These processes include death from contamunation,
human harvest, predation, disease, and competition For example, harvest of a
large proportion of the largest and most fecund fish n a population will soon
decrease the population, as will a virulent virus or the appearance of a voracious
predator in large numbers
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Also included under the category of removals 1s any factor that negatively
affects growth or reproductive rate of individuals, because such factors can
decrease population size Contamunants are considered potential removals because
of the following possible effects

e Causing damage that makes energy utilization less efficient and
requires energy for repairs, i

e Interfering with molecular receptors that are part of the regulatory
machinery for energy allocation,

e Damagmg mmune systems that make disease more likely, and
e Ouinight lllmg of organisms at high concentrations

Habatats in marme and freshwater environments are ultimately controlled by
temperature and salinity, as modified by many other biological, physical and
chemical factors Basic physiological functions such as respiration and assimilation
of nutrients from food occur only within certamn boundaries of temperature and
saliuty As stated in Section 6 2, a number of hypotheses on the origms of long-
term change relate the abundance of certam aquatic species to their physiological
performance mn different temperatures For example, changes m dommance of cod-
Iike fishes and crustaceans mn eastern Canada around 1990 and m the northern
GOA around 1978 were explamned as positive responses of gadids to mcreasmgly
warm temperatures Using the same reasoning, the ascendancy of crustaceans such
as shrimp mn the GOA 1n the 1950s and 1960s, and m eastern Canada during the
1990s, have been attributed to cooling water temperatures

On the basis of the first principles of physics, chemustry, and biology,
temperature and saluuty must be agents of change m biological resources through
effects relating to physiological functions i mdividual plants and amimals Effects
on individuals add to the combmed effects of freshwater mput, winds, and
temperature on ecological processes The preceding ecological concepts have been
appled directly to the GOA ecosystems to show how the system and 1ts plant and
anumal populations are controlled m the conceptual foundation, Chapter 2

6 3 3 Trophic Structure

The principal trophic groups of the northern GOA are represented by the
analysis of Okey and Pauly for PWS (Okey and Pauly 1999) The upper trophic
levels (3 5+) are dommated by large vertebrates, mcluding toothed whales, harbor
seals and sea lions, seabirds, sharks, and fish species that are large as adults
(Table 6 1) Primmary consumers on trophic levels between 1 (primary producers)
and 3 (terhary) mnclude jellyfish, zooplankters (including larvae of crustaceans and
fish), infauna, and merofauna The primary sources of food in the northern GOA
are phytoplankton, macroalgae and eelgrass, and detritus The species of the
domunant biomass are macroalgae and eelgrass, followed closely by shallow and
deep infauna, deep epibenthos, and herbivorous zooplankton In terms of
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production per biomass (P/B), the domunant species groups are clearly the
phytoplankton, followed by the herbivorous zooplankton In terms of food
consumption per biomass (Q/B), nvertebrate-eating birds top the list, followed by
small cetaceans and pimnnipeds, and herbivorous zooplankton Using this concept
of the trophic structure of the northern GOA, data on the lower trophic levels (<3 5)
are extremely important to detecting and understanding change m valued marine-
related resources

Table 6 1 Representative Trophic Groups of the Northern Gulf of Alaska
Arranged in Descending Order by Trophic Level

Group name Trophic Blozmass ; Pqu'; QI§
Level (t km © year’) {yr) (yr)

Orcas 498 0 003 0050 8 285
Sharks 4 81 0 700 0100 2100
Pacific halibut 4 59 0677 0320 1730
Smalll cetaceans (porpoises) 452 0015 0150 29 200
Pinnipeds (harbor seal & sea lion) 445 0 066 0 060 25 550
Lingcod 433 0077 0 580 3300
Sablefish 429 0 293 0 566 6 420
Arrowtooth flounder adult 425 4 000 0220 3030
Adult salmon 417 1034 6 476 13 000
Pacific cod 414 0 300 1200 4 000
Arrowtooth flounder juvenile 401 0 855 0220 3030
Avian predators 389 0 002 5000 36 500
Seabirds 378 0 011 7 800 150 60
ﬂD:t‘;zhiZ’)“ersa' fish (skates and 378 0 960 0930 3210
Pollock age 1+ 376 7 480 0707 2 559
Rockfish 374 1016 0170 3 440
Baleen whales 365 0 149 0 050 10 900
Salmon fry 0-12 cm 3 51 0072 7 154 62 800
:::r::j;?n‘)’emersa' fish (greenling 335 4 200 1 000 4 240
Squid 326 3000 3000 15 000
Eulachon 325 0 371 2 000 18 000
Sea ofters 323 0 045 0130 117 000
Deep epibenthos 316 30 000 3000 10 000
Capelin 311 0 367 3500 18 000
Adult herring 310 2 810 0 540 18 000
Pollock age 0 307 0110 2 340 16 180
Shallow large epibenthos 307 3100 2100 10 000
Invertebrate eating bird 307 0 005 0 200 450 500
Sandlance 306 0 595 2000 18 000

86 CHAPTER 6 Jury 2002



GuULF EcosysTEM MONITORING AND RESEARCH PROGRAM

Table 6 1 Representative Trophic Groups of the Northern Gulf of Alaska
Arranged in Descending Order by Trophic Level

Group name Tlr_:?/::c (t kE:‘ozm;esasr ) (Sﬁ) (3:%

Juvenile herring 303 13 406 0729 18 000
Jellies 296 6 390 8 820 29 410
Deep small infauna 225 49 400 3000 23 000
Near omni-zooplankton 225 0108 7 900 26 333
Omni-zooplankton 225 24 635 11 060 22 130
Shallow small infauna 218 51 500 3 800 23 000
Meiofauna 21 4 475 4 500 22 500
Deep large infauna 210 28 350 0 600 23 000
Shallow small epibenthos 205 26 100 2300 10 000
Shallow large infauna (clams etc ) 200 12 500 0 600 23 000
Near herbi-zooplankton 200 0136 27 000 90 000
Herbi-zooplankton 200 30 000 24 000 50 000
Near phytoplankton 100 5326 190 000 0 000
Offshore phytoplankton 100 10 672 190 000 0 000
Macroalgae/eelgras 100 125 250 5 000 0 000
Inshore detritus 100 3 000 - -
Offshore detritus 100 4 500 - -

Notes Bold values were calculated by the Ecopath software
P/B 1s production per biomass Q/B 1s food consumption per biomass
Source Table 74 (Okey and Pauly 1999)

The GOA and 1its watersheds are part of a larger oceanic ecosystem m which
natural physical forces such as currents, upwelling, downwelling, precipitation and
runoff, acting over large and small distances, play mportant roles in determining
basic biological productivity Natural physical forces respond primarily to
seasonal shifts 1n the weather, and 1n particular to long-term changes mn the
mtensity and location of the Aleutian Low system m winter Increased upwelling
offshore appears to mcrease mnputs of nutrients to surface waters, which increases
productivity of plankton Increased winds appear to increase the transport of
zooplankton shoreward toward and past the shelf-break How often and how
much offshore zooplankton sources contribute to coastal food webs depends on
natural physical and biological forces such as predation, mugration, currents and
structure of the fronts, formation and stability of eddies, degree and extent of
turbulence, and responses of plankton to short and long-term changes n
temperature and salimty

A wide range of human mmpacts mteracts with natural biological and physical
forces to change productivity and commuruty structure in the GOA Human
activities have the most direct and obvious impacts at those sites in watersheds and
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mtertidal areas where human populations are high Nonetheless, some human
activities affect populations of birds, fish, shellfish, and mammals far offshore, and
also have impacts far from the sites of the actions In short, human activities and
natural forces together act over global to local scales to drive and shape marme and
terrestrial Iife in the GOA and 1ts tributary watersheds Natural forces and human
mmpacts, as exemplified by heat and salt distribution, msolation, biological energy
flow, biogeochemical cychng and food web structure, fishery removals, pollutant
mputs, and the relationships among them over time define the state of the marmne
ecosystem Natural forces and human mmpacts bring about changes i populations
of birds, fish, shellfish, and mammals by altering the relationships among these
state variables that define the marme ecosystem This understanding of the
mecharusms affecting change m the GOA provides the basis for developing a key
hypothesis about the GOA ecosystem that will form the conceptual foundation
around which the GEM Program 1s focused
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7. SCIENTIFIC BACKGROUND: PHYSICS, BIOLOGY,
HUMAN USES AND ECONOMICS

In Thas Chapter

» Overview of Physical, Chemucal, and Biological Characteristics of the Gulf of
Alashka

Y

Discussion of Chmate, and Physical, Geological, Chemuacal and Biological
Oceanography

> Discussion of Status of Non-human Populations, Predators, and Prey

> Discussion of Status of Human Activities and Socioeconomics mn the Gulf of
Alaska

The scientific background 1s a comprehensive
7.1 Introduction review of the current state of scientific knowledge

of the Gulf of Alaska (GOA) ecosystem upon
which the Gulf Ecosystem Monitoring (GEM) Program 1s based Its body of
scientific knowledge mncludes the socioeconomuc, physical, chemical, and biological
characteristics of the GOA, the status of major amimal species, and the state of
human mpacts m the GOA It provides the underpinning for the GEM conceptual
foundation and central hypothesis, and 1t will provide reference material for
mitiating the research and momitoring programs The scientific background also
mcludes the scientific mformation that led to current hypotheses mtroduced m
Chapter 6

The mformation 1n Sections 7 2 through 7 5 Marime Mammals 1s current as of
August 2001 Sections 7 14 and 7 15 are current as of July 2002

7.2 Summary of the Physical and
Biological Background for the
Northern Gulf of Alaska

7 21 Introduction

The cold and turbulent GOA 1s one of the world’s most productive ocean
regions It sustains immense populations of seabirds, marine mammals, and fishes,
and provides a way of Iife for tens of thousands of Alaskans Indeed, the gulf 1s
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st wild, full of bife, and deserves protection and wise management as one of the
bio-gems of the planet

Just why the GOA 1s so unusually productive remains unclear The fish, birds,
and mammals at the top of the food chain are supported by a diverse marine food
web (Table 7 1), dependent on the physical characteristics of an ever-changing
ocean—one that experiences seasonal, annual, and longer-period extremes mn
weather and chmate The plant nutrients come from deep water, fueling
production at the base of the marme food web This production 1s eventually
expressed m the stock size and production of higher-level consumers Somehow,
physical conditions in this region promote sufficient exchange between deep and
shallow waters to bring these fertihzing elements to the surface, whete they
stimulate plant growth each year To understand the gulf’s complex ecosystem,
and the productivity of 1ts spectes big and small, will require more precise
knowledge about the mteractions between many biological and physical factors

Table 7 1 Representative Trophic Groups of the Northern Gulf of Alaska
Arranged in Descending Order by Trophic Level

Group name Trophic Blozmass , PIB1 QI§
Level (tkm* year ) (yr) (yr)

Orcas 498 0 003 0 050 8 285
Sharks 4 81 0700 0100 2100
Pacific halibut 4 59 0677 0 320 1730
Small cetaceans (porpoises) 452 0 015 0150 29 200
Pinnipeds (harbor seal & sea lion) 445 0 066 0 060 25 550
Lingcod 4 33 0077 0 580 3 300
Sablefish 429 0293 0 566 6 420
Arrowtooth flounder adult 425 4 000 0220 3030
Adult salmon 417 1034 6 476 13 000
Pacific cod 414 0 300 1200 4 000
Arrowtooth flounder juvenile 401 0 855 0 220 3030
Avian predators 389 0002 5 000 36 500
Seabirds 378 0 011 7 800 150 60
f?:;zhdei';‘ersa' fish (skates and 378 0 960 0 930 3210
Pollock age 1+ 376 7 480 0707 2 559
Rockfish 374 1016 0170 3440
Baleen whales 365 0 149 0 050 10 900
Salmon fry 0-12 cm 3 561 0072 7 154 62 800
:::r::u?;n‘;emersa‘ fish (greenling 335 4 200 1000 4 240
Squid 326 3 000 3 000 15 000
Eulachon 325 0371 2 000 18 000
Sea ofters 323 0 045 0130 117 000
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Table 7 1 Representative Trophic Groups of the Northern Gulf of Alaska
Arranged in Descending Order by Trophic Level

Group name Trophic Blozmass ; PIB1 ng
Level (tkm* year’) (yr) (yr )

Deep epibenthos 316 30 000 3 000 10 000
Capelin 311 0367 3 500 18 000
Adult herring 310 2810 0540 18 000
Pollock age 0 307 0110 2 340 16 180
Shallow large epibenthos 307 3100 2100 10 000
Invertebrate eating bird 307 0 005 0 200 450 500
Sandlance 306 0 595 2 000 18 000
Juvenile herring 303 13 406 0729 18 000
Jellies 296 6 390 8 820 29 410
Deep small infauna 225 49 400 3000 23 000
Near omni-zooplankton 225 0103 7 900 26 333
Omni-zooplankton 225 24 635 11 060 22130
Shallow small infauna 218 51 500 3 800 23 000
Meiofauna 21 4 475 4 500 22 500
Deep large infauna 210 28 350 0600 23 000
Shallow small epibenthos 205 26 100 2 300 10 000
Shallow large infauna (clams, etc ) 200 12 500 0600 23 000
Near herbi-zooplankton 200 0136 27 000 90 000
Herbi-zooplankton 200 30 000 24 000 50 000
Near phytoplankton 100 5326 180 000 0000
Offshore phytoplankton 100 10 672 190 000 0 000
Macroalgae/eelgras 100 125 250 5000 0 000
Inshore detritus 100 3000 - -
Offshore detritus 100 4 500 - -

Notes Bold values were calculated by the Ecopath software
F/B 1s production per biomass Q/B i1s food consumption per biomass
Source Table 74 (Okey and Pauly 1998a)

Fortunately, recent studies provide a scientific framework for the region and
suggest a direction for future long-term research and monitormg In aggregate, this
new knowledge on how selected species interact with prey, predators and
competitors —and most importantly, how these associations are mfluenced by
shifts m ocean climate and human activities — provides exciting new possibilities
for understanding this great ecosystem This knowledge will help resource
managers sustamn populations of these species despite growing human influence n
the region (possible climate change and elevated pollution levels) and the pressure
of increased human use (harvests, recreational impacts, and population)
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This summary describes the northern GOA ecosystem as 1t 1s now understood,
and reveals gaps m current knowledge about the dynamuics of hugher-level
productivity (Greater detail 1s provided following this summary m the full
Scientific Background )

7 2 2 The Principal Habitats and Living Resources

The extent of damage resulting from the massive oiling of Prince William
Sound and the coastal waters to the west n the spring of 1989 will never be fully
known In the short term, GEM studies will focus on the spill-affected resources
that remain at risk  But the Exaon Valdez Oul Spill Trustee Council (Trustee
Council) has decided to commut 1ts long-term support to a program of broader
ecological research and environmental monitoring The effort will center on the
major physical and brological phenomena that mfluence marine productivity i the
principal habitats of the northern GOA  For purposes of the GEM Program, these
habatats have been 1dentified as

» The coastal watersheds,
* The mtertidal and shallow subtidal zones to a depth of 20 meters,
® The Alaska Coastal Current (ACC), and

* The offshore areas embracing the continental shelf break and beyond to the
continental slope and deep ocean basin

In these interacting environments, scientists will seek to understand how the
dommant fishes, seabirds, and marme mammals use their critical habitats to
sustain their populations in the face of cyclic ocean climate, extensive commercial
and subsistence harvests, and threats from pollution and diseases

7.2.2.1 The Watersheds

The extensive coastal watersheds that dram mto the northern GOA represent
spawmng and rearing habitat for anadromous species like Pacific salmon and
eulachon, and nesting habitat for some seabirds like marbled murrelets The
carcasses of spawned-out salmon supply substantial amounts of marine-derived
nutrients to the poorly nourished streams, lakes, and rivers used for theur
reproduction Inaddition, dying salmon provide a food supply for many birds and
mammals throughout the coastal range Bears, eagles and many gulls benefit
locally from this extensive forage resource Analyses have also shown that marine-
derived mtrogen from anadromous fishes leaves a detectable signal in many coastal
plant commurities

The human harvest of anadromous species may affect not only those species,
but also all of the plants and arumals touched by marme nutrients Therefore,
understanding the distribution of marmne nutrients by anadromous fish species
puts a new dimension on fisheries management So, 1t 1s reasonable to ask to what
extent human consumption of salmon effects the production of other plants and
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animals in the coastal watersheds Moving beyond single-species management
toward ecosystem-based management in coastal watersheds will require long-term
monutormg of the flux of marme nutrients

These same watersheds experience extensive human activity in addition to
fishing Large-scale logging and commerciahization, including coastal settlements
and towns, can alter or destroy some habitats Expandmng recreational activities
the coastal zone between Prince Willilam Sound and Kodiak Island will also include
additronal land uses Compared with other regions i North America, however,
most watersheds in the periphery of the GOA are remote and relatively
undisturbed

7.2.2.2 The Intertidal and Subtidal

The mtertidal and shallow subtidal habatats are represented by a variety of
near-shore estuarine, fiord, and exposed coastal settings These habitats range from
precipitous and rocky, to gently sloping with muddy or sandy bottoms The
mtertidal and shallow subtidal zones are among the most productive of marme
habitats m the GOA Here the annual growth of microalgae, seaweeds, and
seagrasses supports many mvertebrates that, in turn, are food for fishes, marme
birds, and mammals Guilemots and sea otters, for example, depend on the crabs,
clams, and mussels, along with small benthic fishes, found in the mtertidal and
subtidal habitats Thus specialized edge-zone habutat 1s also a nursery for juvenile
pmnk and chum salmon, and juvenile Pacific herring for several months each year
Huge schools of spawrnung herring and capelin deposit their eggs m the shallows
each spring These mass spawnings induce a feeding frenzy that may last for a
week or more Gulls, kithwakes, seals, sea lions, fishes, and a variety of large
mvertebrates gather to feed on the egg masses The fish eggs are often eaten 1n
huge numbers by shorebirds and other species that stop over mn the region during
the spring mugration

The intertidal and shallow subtidal zones may be at greatest risk to human
activities There 1s increasmg use of vehicles, boats, and aircraft by recreationalists
and sport fishermen to exploit these areas In addition, floating pollutants and
refuse, particularly plastic materials from the fishing industry, make landfall in the
mtertidal zone Unlike the coastal watersheds that remain relatively unaltered at
many locations, 1t 1s rare to walk the mntertidal zone anywhere i the GOA and not
see evidence of human activity The degree to which these “footprmts” result m
environmental degradation 1s clear in the case of o1l and toxic spills, but largely
unknown for other pollution

7.2.2.3 The Alaska Coastal Current

Huggimng the mner third of the contiental shelf, the ACC provides a sizeable
and ecologically important transition zone between the shallow, nearshore
communities and the huge outer-shelf and ocearuc pelagic ecosystems Fed by
runoff from glaciers, snowmelt, and ramnfall, the well-defined coastal current 1s a
near-shore “river in the sea” with a freshwater output about one and a half times
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that of the Mississipp1 River It flows consistently to the north and west around the
northern GOA from British Columbia to Unimak Pass on the Aleutian Chaimn  The
ACC, urged along by coastal winds, distributes subarctic plankton commurites
around the region and mnto protected mside waters such as Prince Wilham Sound
and lower Cook Inlet During the summer months, the ACC has local reversals and
small eddies, which can concentrate plankton and small fishes i convergence
zones, for foragmng fish, birds, and marme mammals

The ACC 1s an important feeding habatat for many fish, birds, and mammals
Most seabirds nest in coastal colorues o1 on islands where protection from
predators 1s afforded by the 1solation of rocky cliffs Because of this nesting
behavior, the distribution and abundance of seabirds during thewr reproductive
season 1s governed primarily by the availability of suitable, safe nesting sites and
access to adequate prey Seaburds in the GOA are often grouped on the basis of
thewr foraging behavior Surface feeders like kittiwakes obtain prey mostly mn the
upper 1 meter (m), coastal divers such as guillemots and murrelets exploit the
shallow water column and nearshore seabed, while murres are deep divers capable
of feeding m the water or on the bottom to depths of 200 m Seabirds feed close to
colorues when opporturuties arise, but most are also capable of flymg a long
distance to feed It 1s not unusual for coastal seabirds to fly to the outer shelf and
shelf-break regions to feed themselves and ther offspring

Marme mammals residing in the ACC are primarily fish eaters, although a few
feed on bottom-dwelling invertebrates and some hunt other marme mammals or
even seabirds Killer whales are erther resident (fish eaters primarily) or transient
(feeding mostly on other marine mammals) Seals, sea lions, and sea otters bear
and protect their offspring m coastal rookeries sprinkled around the edge of the
GOA and influenced by the ACC Fur seals and sea lions exploit a broad array of
nearshore and oceanic habitats, although the juveniles appear to be more confined
to the waters near rookeries By comparison, sea otters and harbor seals are almost
sedentary m habut, usually ranging only short distances for food Juvenile and
adult harbor seals hunt and consume a variety of fishes, squids, and octopus m
mostly coastal habitats While sea otters can retrieve food from depths to 100 m,
they rarely leave the shallow coastal areas where they live as generalist predators
on a broad array of sessile or slow-moving macro-mvertebrates, mcluding clams,
mussels, crabs, sea urchins, and starfishes

Many fishes and shellfishes also live, feed, and reproduce in the ACC Coastal
rockfishes, Pacific herring, juverule and adult walleye pollock, juverule and adult
salmon, adult cod, and many species of shrimps and crabs occur m protected
fjords, nlets, bays, and sounds where they forage and/ or reproduce, and where
their early hife stages feed and grow Halibut and hngcod occur abundantly n
some seasons, and king crabs that feed and grow 1 deeper shelf and slope
environments visit the shallower inner shelf to reproduce each year Because the
eggs and larvae of many marine invertebrates and fishes drift with the plankton for
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weeks or even months, the flow of the ACC serves to distribute these forms to the
variety of coastal habitats found around the edge of the gulf

The same coastal flow that benefits so many species may also serve to distribute
marme pollutants O1l spilled n the northeastern corner of Prince Wilhiam Sound
by the Exaon Valdez entered the coastal flow and was carried hundreds of nules to
the west, fouling beaches along the outer Kenai Penunsula, m lower Cook Inlet, on
Kodiak Island, and along the southern Alasha Perunsula A future toxic spill n
shelf or coastal waters southeast of Prmce William Sound could conceivably be
spread across the entire northern GOA by the coastal flow

7.2.2.4 Offshore. Mid-shelf and Deeper Waters

These waters, which begin at the outer edge of the adjacent ACC region—about
20 to 30 mules offshore —delineate a huge marme ecosystem East of Prince Wilham
Sound, the shelf 1s narrow, so the mud-shelf and deeper waters are close to the
coast, about 30 to 50 mules South and west of the sound, the shelf broadens to 100
to 120 nules m width before narrowing again south of the Alaska Peninsula and
Aleutian Islands These differences in shelf width provide seabirds, seals, and sea
hons at some coastal locations with easy access to the deepwater environments for
feeding purposes when needed, at other sites, access to the shelf edge and open
ocean 1s much farther away Spahal differences of this kind may be important to
recognmze when comparmg the reproductive successes of birds and mammals m
rookeries from different locations m the gulf Arrowtooth flounder, Pacific ocean
perch, walleye pollock, Pacific halibut and Pacific cod (in descending order of
mportance) composed the bulk of the trawl-caught stock of ground fishes in shelf
and contmental slope environments of the GOA 1n 1996

The dominant flow m the offshozre 1s counterclockwise, and 1t 1s designated the
Alaska Current Because the Alaska Current has 1ts southern origins mn the oceanic
Subarctic Current, marmne pollution and floating refuse from as far away as Asia, or
origmatig from dehiberate deep-ocean dumping or accidents at sea, can be swept
north and westward around the shelf edge m the GOA Trash from the
mternational fishing mdustry operating 200 mules offshore 1s commonly found on
beaches Some of these pollutants can also be carried westward to the gulf m the
atmosphere

7.2.3 Intermediate Levels of the Food Web

Food webs are really pyramids with seabirds, marme mammals, and fishes at
the top that depend mmutially on energy captured by marine plants at their base
Although there are hundreds — perhaps thousands —of different plant and arumal
plankters mvolved mn the synthests and matial transfer of orgaruc matter through
the food web, the pyramid of herbivores and predators narrows quickly

The diets of seabirds, marme mammals, and fishes are composed of a relatively
modest variety of small schooling fishes and macroplankters, but they are
consumed m very large numbers Seabirds are the clearest 1llustration Out of the
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hundzreds of fish species m the gulf, a substantial portion of the diets of seabirds
consists mainly of smelts (capelm, eulachon, and rambow smelt), juverule herring,
pollock and salmon, Pacific sand lance, Pacific sandfish, lanternfishes, and adult
euphausnds In shallow waters, small benthac fishes like prichlebacks and gunnels
are also mportant Many of these forage species are rich m fats, and almost all
exhubit schooling behaviors that concentrate them for their bird, mammal, and
larger fish predators Herrmg, capelm, sand lance, and lanternfish are probably
preferred for their high caloric content Juverule pollock, cod, and salmon are less
preferred, despite thewr abundance, because of thewr lower energy content

Despite the ecological importance of macroplankton and small schooling fishes,
the distributions, abundances, and forage requirements of these species ate poorly
understood The mfluence of chmate change on theur populations 1s also poorly
known Tlhus 1s partly because routme censusmg techniques are used primarily to
count and map adult stocks of commercial importance, and ignore the smaller
forage fishes Modern techmques that use hagh-speed mud-water and surface
trawls, marine acoustics, LIDAR (light detection and ranging), aerial surveys, and
monitoring the diets of top consumers like birds and large commercial fishes will
make 1t possible to learn more about this vital link 1n the food web

Forage fishes are often taken mn the bycatch of federal and state-regulated
fisheries in the GOA, and while the proportion relative to the target species tends to
be small, 1t may be ecologically significant mn some cases Fisheries targeting
herring, salmon, and pollock all have incidental catches of juveniles that might be
avolded as the mdustry develops new equipment and techruques to mumimize the
mmpact of bycatch mortality Mortality of forage fishes associated with marine
pollution and diseases 1s also poorly understood There 1s some evidence that the
failure of herring m Prince Wilham Sound to recover from o1l spill injuries may be
due, in part, to an abnormally high mcidence of Vnral Hemori hagic Septicemia (VHS)
and a marme fungus plaguing these stocks

7 2 4 Plankton and Linkages to the Physical Oceanography

Oceanuc, shelf, and coastal plankton are the base of a vast food web supporting
most seabirds, marine mammals, and fishes These tiny drifters are supplemented
by rich populations of plants and mostly small benthic mvertebrates that feed
higher-level consumers mn intertidal and shallow subtidal areas Although adult
birds, fishes, and mammals rarely feed directly on plankton, there are notable
exceptions, such as adult walleye pollock, Pacific herring, baleen whales, and some
seabirds On the other hand, the plankton community does play a direct and
mmportant role during the early hife history of most fishes Ichthyoplankters—larval
and juvenule fishes and shellfishes —derive critical nutrition from the plankton, but
are themselves also preyed upon by plankters, mostly small jellyfish

Because fish are highly vulnerable i the egg, larval, and early juvenile stages,
only a fraction survive to jomn the adult populations Tradihionally, this survival
rate was estimated n field studies of the early life stages of fish, ncluding the
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physical and chemucal characteristics of the rearmg waters These studies have led
to several mportant 1deas about critical ecological bottlenechs in the early
development of fish larvae and juverules linking changes m ocean currents and
climate with distribution, growth, and survival This direct tie to ocean chmate
creates an important “handshake” that extends through the food web to adult fish
stocks Unfortunately, the small number and patchy distribution of
ichthyoplankters relative to the non-fish plankton creates some extremely serious
difficulties with sampling and data interpretation that hmit the early-life history
approach

The bloom of plankton each spring defines the cycle of marme production for
that and succeeding years as the impact of the planktonic biomass moves through
the food web The plankton commuruties undergo huge seasonal changes in rates
of photosynthesis and growth, and m their standing stocks each year Initiated m
the spring by a stabillizing upper layer and mcreasmg ambient light levels, the
phytoplankton commumity undergoes explosive growth durmg April, May, and
June before bemng controlled by nutrient depletion, smking, and zooplankton
grazing The orgaruc matter produced mn this burst of productivity mostly
comprises a relatively small number of dommnant species In a similar way,
shallow-water plants —microalgae, seaweeds, and sea grasses — provide much of
the plant-derived organic matter i mtertidal and shallow subtidal areas In the
late fall, plankton stocks plummet dramatically and remam low during winter and
early spring

The timung, duration and intensity of marme plant blooms are controlled
largely by the physical structure of the water column Depending on the variable
conditions of any given spring, the plant bloom may be early or late by as much as
three weeks Warming and freshenung of the surface layers m response to longer
and brighter days promote mtense photosynthesis However, the seasonal stability
of the upper layers that mutiates the growth of phytoplankton stocks also restricts
the vertical movement of dissolved rutrogen, phosphate, and silicon, resulting n a
dramatic slowing of growth in early and mid-summer Previous work suggests
that winter-conditioned temperature and salmuty influences plankton production,
working mn concert with spring weather conditions to establish the overall success
of the sprmg bloom Recent observations from moorings that montor chlorophyll
m the water indicate that a fall phytoplankton bloom also occurs i Prince William
Sound 1n some years, but not others This burst of production peaks n September
and can last through November The ecological mportance of this late-season
production and the physical forces that unleash the bloom are not yet understood

By definition, the plankton are drifters, they have httle or no mobility
Therefore, thewr geographical locations are determuned primarily by ocean currents
However, because many zooplankters are capable of daily and/ or seasonal vertical
migrations of 100 m or more, these migrations may mteract with vertical or
horizontal currents in ways that create localized swarms and layers (patches) of
plankton in the ocean These patches provide food for birds, fishes, and marmne
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mammals Whales feeding on surface or subsurface swarms of large copepods or
euphusnds, and adult pollock and herring filtering or gulping large calanoid
copepods m surface layers, are examples of patch feeding Because the plankton
can be concentrated or dispersed by ocean currents, fronts, and eddes, the physical
oceanography plays a huge role m creating and mamtammng “feeding stations” for
marme birds, mammals, and fishes

The marme production cycle beyond the shelf edge 1s exceptionally complex
Photic zone levels of mitrogen, phosphate, and silicon are apparently available in
sufficient quantities to promote phytoplankton production during the spring,
summer, and fall However, levels of chlorophyll (a measure of the concentration
of living phytoplankton in the water) in the upper layers remam very low
throughout the year at many locations In the coastal regions and mner shelf, there
1s a burst of chlorophyll—the “bloom” —each spring This bloom results from an
mmbalance between rates of phytoplankton growth and rates of plant loss to grazers
or smking Over the deep ocean and outer shelf, this burst/bloom does not usually
occur, meanung that growth and loss rates of the plants are nearly equal, and that
there 1s very little “excess” plant matter mn the water to sink to the deep sea bed
This balancing act m offshore waters has generally been attributed to the ability of
the mucrograzers to efficiently “crop down” the plant stocks and prevent blooms

It has been suggested that morganic wron from atmospheric sources 1s hmiting
plant productivity to very small cell sizes at the ocean surface These microscopic
plants are cropped efficiently by oceanic protozoans and other microconsumers
Unlike the shelf and coastal plankton, where large chain-formmg diatoms feed the
macrozooplankton directly, the oceanic food web mstead supports an additional
level of tiny consumers that are then grazed by larger zooplankters On the basis of
food-chain theory, this additional step at the base of the food web should reduce
the open ocean’s ability to feed consumer stocks higher m the food web The fact
that the open GOA 1s the preferred feeding ground for a majorty of salmon stocks
with origmms in North America and Asia suggests that an additional step in the food
web does not compronuse the region’s ability to feed hundreds of milhons of these
fish each year

Very little 1s known about how the plankton commuruty responds to human
activity Some recent and dramatic shifts in phytoplankton stocks in the Bering
Sea, associated with a summer warming trend, were accompanied by very
noticeable dechnes i seabird survivals in the shelf environment These
observations suggest that any mcreased climate warming due to human influence
could alter high-latitude food webs with drastic effects for some consumers

7 25 Influences of Weather and Climate

Gulf orgamsms are mfluenced by a variety of currents, frontal regions, eddies,
water temperatures, and saluties These conditions define the ocean state and
reflect the influence of weather and chimate From September through April each
year, weather i the GOA region responds to the position and mtensity of the

102

CHAPTER 7 Jury 2002



GULF EcosysTEM MONITORING AND RESEARCH PROGRAM

Aleutian Low Pressure System (Aleuttan Low) The cyclonic storms that develop
m and around the GOA m association with the Aleutian Low cause strong easterly
wimnds to blow along the northern coasthne The friction of these winds on the sea
surface promotes a net shoreward flow in the upper 60 to 90 meters, and a counter-
clockwise dnift of the Alasha Gyre, the Alaska Current, Alashan Stream, and Alasha
Coastal Current The frequency and intensity of storms establishes a “conveyor
belt,” carrymg ocean-derived plankton stocks shoreward, some reaching as far as
the protected coastal waters By using carbon 1sotopes as indicators, a strong
offshore signal can be found in inshore zooplankton and fishes at some locations
In contrast, durmng June, July, and August, the conveyor belt slows or weakly
reverses mn response to the appearance of the North Pacific high-pressure system m
the GOA The reversal of the conveyor belt over the outer shelf allows deep water
below the surface to overrun the shelf break at some locations, providing a crucial
source of deep nutrients and oxygen renewal for deep coastal areas

The location and mtensity of the Aleutian Low 1s not constant When the low 1s
mtense, the weather 1s stormy with increased precipitation 1n the coastal
mountains, and elevated sea levels and warmer water temperatures i the eastern
GOA Under these conditions, described as the positive phase of a weather
phenomenon called the Pacific Decadal Oscillation (PDO), the wind-mduced cross-
shelf transport increases, as does flow m the ACC During the long term, these
conditions seem to favor production of salmon, pollock, cod, and flounder, but
other species are disadvantaged, such as seabirds at many locations, some forage
fishes, and shellfish Iike shrimp and crab When the PDO cycles back to 1ts next
negative phase —as 1t 1s predicted to do, with colder, less stormy, lower sea levels—
conditions should favor the recovery of shellfish stocks, with salmon and gadid
populations expected to slip mto dechne Why these populations fluctuate the way
they do in response to changes m ocean climate 1s unknown However, the cycling
of nature’s laboratory from year to year, and through longer periods, provides a
strong basis for a number of miriguing studies to search for and describe the
underlymng mecharmsms that create change, and sometimes complete reversals, n
fish, bird, and mammal abundance

7 2 6 Toward a More Functional Understanding of GOA Ecosystems

Current knowledge about coastal, shelf, and oceanuc ecosystems supporting the
Living marimne resources of the GOA 1s imited and skewed heavily toward
structural elements —species lists, historical patterns of production (catch and
harvest statistics), crude maps of distribution and abundance, some diet
mformation, migratory behaviors, and, in a few cases, rates of production At the
level of plankton, the seasonal cycle 1s quite well understood mn relationship to
factors hike ight and nutrients, but hugher i the food web at the zooplankton level
and that of the small schooling fishes, Iittle mformation 1s available Therefore,
with a few exceptions, the “puzzle pieces” are begimmmng to form reasonably
coherent pictures at the top and bottom of the food web, but are absent or mostly
missing from the muddle regions of the web
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The challenge for GEM will be to eventually understand how the major
physical and biological components mteract dynamucally to produce the historical
patterns m stock s1ze and production of key species Conventional population
theory teaches that variability at the highest levels i food webs reflects the balance
between reproduction and mortality (due to natural causes, predation, harvests,
diseases, and pollution) A few statistical analyses pomnt to signaficant correlations,
however, between population levels and weather, cimate, or physical
oceanographic conditions, some apparently tied to recurring cycles like the PDO,
the North Pacific Index (NPI), the 18 6 year Lunar Nodal Tidal Cycle, and episodic
events like E1 Nifio/La Nifia Unfortunately these mtiiguing and often ephemeral
correlations suggest, but do not identify, the mecharusms behind these
relationships This critical mussing mformation must be obtained at some pomt i
comprehensive field and modehng studies that focus on selected ecosystem
processes

To be successful, these studies must be funded at levels sufficient to identify
and collect the relevant data, and supported over periods of tume that bradge the
cycles in chmate and ocean conditions Few studies anywhere have been able to
sustamn therr activiies long enough, or were sufficiently comprehensive to meet
these criterta The GEM Program will be unique m that regard and could assume a
strong leadership role i taking the next bold steps m marimne ecological research
In so doing, GEM will find ways to more fully exploit some emerging research
“themes” that are suggesting new directions for process studies of large
ecosystems

7.2.6.1 Nature Is Complex

Food web theory has played a major role mn shaping quantitative approaches to
studying marme systems Smce the early 1940s, when aquatic commuruties were
perceived as a linear series of interconnected levels—producers (plants), first-order
consumers (herbivores), higher-level consumers (predators), and recyclers
(bacteria) —this powerful 1dea has pomted to ever mozre sophisticated inquiries
about how matter and energy are cycled through these systems However, in the
last few years, there has been a growing awareness that the mability to more fully
understand how nature works may be tied to a number of simphfying assumptions
that have always been made about living systems It 1s now understood that at
some level of deta1l, natural processes cannot all be adequately explamed by strict
hnear theory This means that unless the complexity of nature 1s acknowledged
and that constramnt dealt with 1n a realistic manner, the GEM Program work will
fall short, as will the ability to resolve resource management and other 1ssues

7.2.6.2 Survival Strategies Define Habitat Dependencres

There 1s a growing need to more fully understand what has been passed over
as mostly “old science” —how the Iife hustory of a target species exploits the marine
ecosystem during its entire Iife span  For example, most marme fishes begin Iife as
tiny pelagic or demersal eggs followed by a drifting larval stage that may last for
weeks or months The drifting period 1s followed by successive juvenale and
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maturing older stages that may use different parts of the ecosystem from those that
host the adults Understanding the entire ecological domam of a particular species
will help establish the “connectiveness” needed to more fully understand how
human influences and perturbations m climate and weather work their way though
the marine ecosystem m the GOA

7.2.6.3 Use of Common Biological Currency

Oceanographers have traditionally used measures of carbon or nitrogen as
common denominators to describe processes of orgaruc matter synthesis and
transfer at lower trophic levels At the other end of the food web, the fisheries
Iiterature tracks the abundance and biomass of exploited stocks, usually expressed
m numbers or weight Recently, the energy content of species has been suggested
as a useful measure for assessmg the status of stocks and thewr principal prey
Bioenergetic modeling 1s becoming more common and measures of whole body
energy content easier to obtain For mstance, the overwintering starvation
mortality of juvenie Pacific herring residing m Prince Willilam Sound can now be
estimated through numerical analysis of the fat stores of the herring as they go mto
winter and the winter water temperatures

7.2.6.4 Problems of Time and Space

Attempts to understand how marme ecosystems react to chmate and human
mfluences pose huge sampling problems for systems on the scale of the GOA
Current understanding suggests that the impacts of large-scale chumate shifts and
pollution are not uruform, but seem to be temporally and spatially distributed m
ways that are not fully understood For example, seabird colonies at some
locations do well, while others do not Two aspects may be important contributors
to thus uncertamty (1) variability in the trming, location, and duration of primary
productivity each year as mfluenced by weather —a kind of “tining 1s everything”
1ssue, and (2) spatial patchiness on a variety of length scales in forage stocks
respondng locally to changing temperature, salimty, currents, and other ocean
characteristics Thus suggests that GEM will have to study a number of different
environments at different times to fully understand the ecological ramifications of
chmate-driven change, and that care must be taken in generalizing about cause and
effect within the region

7.2.6.5 Immigration or Emigration

Particularly for seabirds and marine mammals censused at nesting sites and
rookeries, some population trends might be explamned by migrations away from or
to these locations If thus 1s occurring, these mugrations could pose serious
problems m the mterpretation of historical trends in the GOA Some believe that
fish or shellfish stocks can also shuft thewr distributions m response to
environmental change, leading to increases m some areas and declines m others,
although the overall stock production might remain unaltered This potential
source of error must be addressed by GEM
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7.2.6.6 Top-Down and Bottom-Up Controls

Historical approaches to studies of marine systems have led to a dichotomy of
disciplines  Oceanographers have focused on the base of the food web and
relationships with ocean physics and chemistry, whereas fisheries scientists have
studied exploited stocks and, occasionally, the forage resources that support them
Top-down or bottom-up control has been debated endlessly for years without
resolution It 1s now beginning to be understood, that this 1s not an esther/ox
problem, but rather one of process mteraction Top-down and bottom-up control
of populations occurs sumultaneously mn all living systems and must be studied as
such to refine undetstandings of system function Fo1 example, recent studies of
juverule pmk salmon mn Prmce Wilhiam Sound have demonstrated that top-down
losses to fish predators, such as adult pollock and herring, are modulated by the
kinds and amounts of zooplankton available, a bottom-up function The
opporturustic pollock and herring prefer to feed on macrozooplankton when
plentiful, thereby improving the chance of juverule salmon to fatten up and escape
therr role as prey However, when macrozooplankton 1s not abundant, pollock and
herring begin augmenting their diets by feeding more heavily on small fishes,
mcluding juverule salmon In this way, bottom-up processes affecting the
production of copepods not only help feed and fatten young salmon, but top-down
processes of pollock feeding on copepods help protect the salmon fry

7 27 Conclusion

In the final analysis, the GEM Program will engage a complex ecosystem—a
product of evolutionary adaptation through many thousands of years Thus robust
living assemblage exhibits different characteristics of species dominance,
distribution, and abundance 1n response to short-term and longer-period changes
m climate forcing and human mfluences These different “states” have most
recently been described as regimes In the GOA, at least two dommant physical
states — E1 Nifio/ La Nifia—and PDO are known to affect the production cycles of
several marine species GEM proposes to mvestigate why some resources, but not
others, benefit from these changing and interacting ocearuc conditions This
understanding will ultimately provide mmformation to more prudently exploit
and/ or conserve species of high value for all users Knowing why a particular set
of resources 1s performing at a given level of productivity will ultimately provide a
means to more effectively manage the system under different states of species
dommance and external mfluences This ambitious goal will be addressed through
a long-term commutment to mnovative science, and the thoughtful application of
results

The GOA encompasses watersheds and waters
7.3 The Gulf of south and east of the Alaska Peninsula from Great
Alaska Sitkin Island (176° W), north of 52° N to the

Canadian mainland on Queen Charlotte Sound
(127° 30 W) Twelve and a half percent of the continental shelf of the United States
lies within GOA waters (Hood 1986)
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Figure 7.1 Distribution of oil from the Exxon Valdez oil spill.

The area of the GOA directly affected by the EVOS (Figure 7.1) encompasses
broadly diverse terrestrial and aquatic environments. Within the four broad
habitat types of the watersheds, intertidal-subtidal, Alaska Coastal Current (ACC),
and offshore (continental shelf break and Alaska Gyre), the geological, climatic,
oceanographic, and biological processes interact to produce the highly valued
natural beauty and bounty of this region.

Human uses of the GOA are extensive. The GOA is a major source of food and
recreation for the entire nation, a source of traditional foods and culture for
indigenous peoples, and a source of food and enjoyment for all Alaskans. Serving
as a “lung” of the planet, GOA resources are part of the process that provides
oxygen to the atmosphere. In addition, the GOA provides habitat for diverse
populations of plants, fish, and wildlife and is a source of beauty and inspiration to
those who love natural things.

The eastern boundary of the GOA is a geologically young, tectonically active
area that contains the world’s third largest permanent icefield, after Greenland and
Antarctica. Consequently, the watersheds of the eastern boundary of the GOA lie
in a series of steep, high mountain ranges. Glaciers head many watersheds in this
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area, and the eastern boundary mountains trap weather systems from the west,
making orographic, or mountain-directed, forcmg important in shapmg the
region’s climate From the southeastern GOA limut (52° N at landfall) moving
north, the eastern GOA headwater mountain ranges and height of the highest
peaks are the Pacific Coast (10,290 feet [ft]), St Elas (18,000 ft), and Wrangell
(16,390 ft) Northern boundary mountain ranges from east to west are the Chugach
(13,176 ft), Talkeetna (8,800 ft), and Alaska (20,320 ft) The western boundary of the
GOA headwaters 1s formed mn the north by the Alaska Range and to the south-
southwest by the Aleutian Mountams (7,585 £t)

Relatively few major river systems manage to pierce the eastern boundary
mountams, although thousands of small mdependent drainages dot the eastern
coastline and 1slands of the Inside Passage Major eastern rivers from the south
moving north to the perimeter of Prince Wilham Sound (PWS) are the Sheena and
Nass (Canada), the Stikine, Taku, Chilkat, Chilkoot, Alsek, Situk, and Copper All
major and nearly all smaller watersheds in the GOA region support anadromous
fish species For example, although PWS proper has no major river systems, 1t does
have more than 800 ndependent dramages that are known to support anadromous
fish species

To the west of PWS lie the major rivers of Cook Inlet Two major tributaries of
Cook Inlet, the Kenai1 and the Kasilof, originate on the Kenai Peninsula The Kena1
Perunsula hes between PWS, the northern GOA and Cook Inlet Cook Inlet’s
largest northern tributary, the Susttna River, has headwaters in the Alaska Range
on the slopes of North America’s highest peak, Mt McKinley Moving southwest
down the Alasha Penmsula, only two major river systems are found on the western
coastal boundary of the GOA, the Crescent and Chignik, although many small
coastal watersheds connected to the GOA abound Kodiak Island, off the coast of
the Alaska Peninsula, has a number of relatively large river systems, mcluding the
Karluk, Red, and Frazer

The nature of the terrestrial boundaries of the GOA 1s important i defirung the
processes that drive biological production m all environments As described in
more detail below, the 1ce cap and the eastern boundary mountains create
substantial freshwater runoff that controls salinity in the nearshore GOA and helps
drive the eastern boundary current The eastern mountains slow the pace of and
deflect weather systems that mfluence productivity m freshwater and marmne
environments

The GOA shorehne 1s bordered by a continental shelf ranging to 200 meters (m)
m depth (Figure 7 2) Extensive and spectacular shoreline has been and 1s being
shaped by plate tectonics and massive glacial activity (Hampton et al 1986) In the
eastern GOA, the shelf 1s variable i width from Cape Spencer to Middleton Island
It broadens considerably in the north between Middleton Island and the Shumagmn
Islands and narrows again through the Aleutian Islands The continental slope,
down to 2,000 m, 1s very broad m the eastern GOA, but 1t narrows steadily
southwestward of Kodiak, becoming only a narrow shoulder above the wall of the
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Figure 7.2 Satellite radar image of the northern Gulf of Alaska. Continental shelf,
seamounts, and abyssal plain can be seen in relief. (Composite image from Sea-
viewing Wide Field-of-view Sensor [SeaWiFS], a National Aeronautics and Space
Agency remote-sensing satellite.)

deep Aleutian Trench just west of Unimak Pass. The continental shelf is incised by
extensive valleys or canyons that may be important in cross-shelf water movement
(Carlson et al. 1982), and by very large areas of drowned glacial moraines and
slumped sediments (Molnia 1981).

7.4 Climate

7.4.1 Introduction

The weather in the northern GOA, and by extension that of adjacent regions
such as PWS, is dominated for much of the year by extratropical cyclones. These
storms typically form well to the south and east of the region over the warm waters
of the central North Pacific Ocean and propagate northwestward into the cooler
waters of the GOA (Luick et al. 1987, Wilson and Overland 1986). Eventually these
storms make landfall in Southcentral or Southeast Alaska where their further
progress is impeded by the extreme terrain of the Saint Elias Mountains and other
coastal ranges. In fact, weather forecasters call the coastal region between Cordova
and Yakutat “Coffin Corner,” in reference to the frequency of decaying
extratropical storms found there.
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The hugh probability of cyclonic disturbances m the northern GOA 1s significant
to the local weather and chmate of PWS Associated with these storms are large
offshore-directed, low-level pressure gradients (tightly packed 1sobars roughly
parallel to the coast) Depending on other factors (such as static stability, upper-
level wind profile) these gradients can produce strong gradient-balance winds
parallel to the coastline ox downslope (offshore-directed) wind events (Macklin et
al 1988) Further, because of the complex glacially sculptured nature of the terramn
m PWS, several regions experience significant upslope winds m certam favorable
storm situations This wind configuration, m concert with steep terrain and nearly
saturated, low-level air masses, produces the local extreme mn precipitation
responsible for tidewater glaciers of PWS

The combmation of general stormuness, significant windiness (and concomutant
wave generation), and orographically enhanced precipitation are essential features
of the northern GOA and PWS, and have a strong impact on the variety and
composition of the biota this region supports In addition, the annual melting of
seasonal snowfall accumulations, m combmation with glacial ablation, 1s
responsible for the bulk of freshwater mput mto PWS In thus context, any changes
m climate-naturally mnduced or anthropogeruc-that substantively alter the
frequency and duration of these common yet transient weather features should also
affect related parts of the regional ecosystem In the following discussion, the
factors responsible for climate change are identified and explamed on a general
level m preparation for specific relationships among climate, physical, and
chemical oceanography, species, and groups of species that follow Climate 1s
recognized to be a major natural force influencing change m biological resources

The GEM nussion 1s to promote, “  greater understanding of how its
productivity 1s influenced by natural changes and human activities” (EVOSTC
2000) Chmatic forcmg 1s an important natural agent of change in the region’s
populations of birds, fish, mammals, and other plant and animal species (Hare et
al 1999, Mantua et al 1997, Anderson and Piatt 1999, Francis et al 1998) Human
activities, or anthropogemnic forcing, may have profound effects on chmate There1s
growimng evidence that human activities producing “greenhouse gases” such as
carbon dioxide may contribute to global chmate change by altermg the global
carbon cycle (Sigman and Boyle 2000, Allen et al 2000) Understanding how
natural and human forcing mnfluences biological productivity requires knowledge
of the major determinants of chmate change described 1n this section

Climate in the GOA results from the complex mnteractions of geophysical and
astrophysical forces, and also in part by biogeochemical forcmg Physical processes
acting on the global carbon cycle and its living component, the biological pump,
drive oscillations 1 climate (Sigman and Boyle 2000) The most prominent
geophysical feature associated with chmate change in the GOA 1s the Aleutian Low
(Wilson and Overland 1986) The location and mtensity of this system affects storm
tracks, air temperatures, wind velocities, ocean currents and other key physical
factors i the GOA and adjacent land areas Sharp variations, or oscillations, in the
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location and mtensity of the Aleutian Low are the result of physical factors
operating both proximally and at great distances from the GOA (Mantua et al
1997) Periodic changes m the location and mtensity of the Aleutian Low are
related to movements of adjacent continental air masses and the jet stream to
oceanography and weather i the eastern tropical Pacific

Astrophysical forces contribute to long-term trends and periodic changes in the
chimate of the GOA by controlling the amount of solar radiation that reaches earth,
or msolation (Rutherford and D'Hondt 2000) Climate also depends on the amount
of global msolation and the proportion of the msolation stored by the atmosphere,
oceans, and biological systems (Sigman and Boyle 2000) Changes m chmate and
biological systems occur through physical forcing of controlling factors, such as
solar radiation, strength of lunar mixing of water masses, and patterns of ocean
circulation Periodic variations m the earth’s solar orbat, the speed of rotation and
orientation of the earth, and the degree of mchnation of the earth’s axis m relation
to the sun result i periodic changesum climate and associated biological activaty

Understandmg climatic change requures sorting out the effects of physical
forcing factors that operate simultaneously at different periods Periodicities of
physical forcing on factors potentially controlling chmate and biological systems
mclude are 100,000 years, 41,000 years, 23,000 years, 10,000 years, 20 years,

18 6 years, and 10 years, among many others For example, Minobe (1999)
1dentified periods of 50 and 20 years 1n an analysis of the North Pacific Index (NPI)
(Figure 7 3) (Minobe 1999) The NPI 1s a time series of geographically averaged
sea-level pressures representing a uruvanate (depending on only one random
varnable) measure of location for the Aleutian Low (Trenberth and Hurrell 1994)

Advances and retreats of icefields and glaciers mark major changes m weather
and biology Changes mn the seasonal and geographic distribution of solar
radiation are thought to be primarily responsible for the periodic advance and
recession of glaciers during the past two nmulhion years (Hays et al 1976) The
amount of solar radiation reaching earth changes periodically, or oscillates, in
response to variations i the path of the earth’s orbit about the sun. Geographic
and seasonal changes 1n solar radiation caused by periodic variations in the earth’s
orbit around and orientation toward the sun have been labelled “Milankovich
cycles,” which are known to have characteristic frequencies of 100,000, 41,000, and
23,000 years (Berger et al 1984) Shufts in the periodicity of long-term weather
patterns correspond to shifts from one Milankovich cycle to another How and
why shufts from one Milankovich cycle to another occur are among the most
mmportant questions in paleoeclimate research (Hays et al 76, Rutherford and
D'Hondt 2000)

Jury 2002 CHAPTER 7 111



GuLF EcosYSTEM MONITORING AND RESEARCH PROGRAM

Filizved NE

-2 {ou 1930 o i asn 3000

Winier

ot

FE 30 $ent UL MR

~3 T 3928 s 3o s et b ]

Figure 7.3 Filterad Honh Pacifie Index in the wintas-spting, wirder, and spiing ssasars.
PP s shover in hactoPasoals, a measars O foromeiig preesue at seg lewed, The thues
curvad show the NP kaasdpasy Bitered over intoreds o 10 1 80 years, 101 38 yoars
(bideoadal, and 301680 years, Soune Rinobe 105G

7.4.2 Long Time Scales

7.4.2.1 Orbital Eccentricity and Obliquity

Shifts in the periodicity of glaciation from 41,000 to 100,000 years between 1.5
and 0.6 million years before present (Myr bp) emphasize the importance of the
atmosphere and oceans in translating the effects of physical forcing into weather
cycles. Glacial cycles may have initially shifted from the 41,000-year period of the
“obliquity cycle” to the 100,000-year period of the “orbital eccentricity” perhaps
caused initially by changes in the heat flux, from the equator to the higher latitudes
(Rutherford and D'Hondt 2000). (Obliquity is the angle between the plane of the
earth’s orbit and the equatorial plane.) According to the theory advanced by
Rutherford and D"Hondt (2000), interactions between long-period physical forcing
(Milankovich cycles) and shorter-period forcing (precession) may have been a key
factor in lengthening the time period between glaciations in the transition period of
1.5 and 0.6 Myr bp. Transitions from glacial to interglacial periods may be
triggered by factors such as the micronutrient iron (Martin 1990) that control the
activity of the biological pump in the Southern Ocean, described below.

Theories about regulation of heat flux from the equator to northern latitudes
are central to understanding climate change. For example, the heat flux that occurs
when the Gulf Stream moves equatorial warmth north to surround the United
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Kingdom, Iceland, and Northern Europe defines comfortable human hife styles m
these countries Anything that disrupts this heat flux process would drastically
alter climate i Northern Europe

7.4.2.2 Day Length

Day length 1s mcreasing by one to two seconds each 100,000 years primarily
because of lunar tidal action (U S Naval Observatory) Understanding the role of
day length in chmate variation 1s problematic because the rotational speed of the
earth cannot be predicted exactly due to the effects of a large number of poorly
understood sources of variation Short-term effects are probably mconsequential
brologically, because variations m daily rotational speed are very small, but
cumulative effects could be more substantial in the long term

7.4.2.3 Carbon Cyching and the Brological Pump

Changes mn the amount of solar radiation available to drive physical and
biological systems on earth are not the only causes of chmate oscillations in the
GOA, or elsewhere i earth Of critical importance to hife on earth, changes m
msolation result m changes in the amount of a “greenhouse gas,” carbon dioxide in
the atmosphere resulting from changes i physical properties, such as ocean
temperature, and due to biological processes collectively known as the biological
pump (Chisholm 2000) The importance of the biological pump in determirung
levels of atmospheric carbon dioxide 1s thought to be substantial, since the direct
physical and chemucal effects of changes m msolation on the carbon cycle alone
(Sigman and Boyle 2000) (Figure 7 4) are not sufficient to account for the magrutude
of the changes m atmospheric carbon dioxide between major chimate changes, such
as glaclations

The Biological Pump Photosynthesis and respiration by marme plants and
animals play key roles m the global carbon cycle by “pumpmng” carbon dioxide
from the atmosphere to the surface ocean and mcorporating 1t nto orgarnic carbon
durmg photosynthesis Organic carbon not liberated as carbon dioxide during
respiration 1s “pumped” (exported) to deep ocean water where bacteria convert it
to carbon dioxide Over a period of about 1,000 years, ocean currents return the
deep water’s carbon dioxide to the surface (through upwelling) where 1t again
drives photosynthesis and ventilates to the atmosphere The degree to which this
deep-water’s carbon dioxide 15 “pumped” back mto the atmosphere or “pumped”
back mto deep water depends on the intensity of the photosynthetic activity, which
depends on availability of the macronutrients phosphate, nitrate, and silicate, and
on micronutrients such as reduced 1ron (Chisholm 2000)

Areas where nitrates and phosphates do not limit phytoplankton production,
such as the Southern Ocean (60°S), can have very large effects on the global carbon
cycle through the action of the biological pump When stimulated by the
micronutrient iron, the biological pump of the Southern Ocean becomes very
strong because of the presence of ample nttrate and phosphate to fuel
photosynthesis, as demonstrated by the Southern Ocean Iron Release Expermment
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Figure 7.4 Global carbon cycle diagram showing the movement of carbon compounds of
the atmosphere, land, marine photic zone, the deep ocean, and the sea floor.

(SOIREE) at 61°S 140°E in February 1999 (Boyd et al. 2000). SOIREE stimulated
phytoplankton production in surface waters for about two weeks fixing up to 3,000
metric ton (mt) of organic carbon. Although it has not been demonstrated that
“iron fertilization” increases export of carbon to deep waters (Chisholm 2000), it
clearly does enhance surface production. The Southern Ocean and much of the
GOA share the equality of being “high nitrate, low chlorophyll” waters, so it is
tempting to speculate that iron would play an important role in controlling
production, if not export production, in the GOA.

The Carbon Cycle. An accounting of changes in the amount of carbon in each
component of the earth’s terrestrial and ocean carbon cycles (Sigmon and Boyd,
Figure 7.4), as influenced and represented by the physical and chemical factors of
ocean temperature, dissolved inorganic carbon, ocean alkalinity, and the deep
reservoir of the nutrients phosphate and nitrate, has to incorporate changes in the
strength of the ocean’s biological pump to be complete (Sigman and Boyle 2000).
The amount of atmospheric carbon dioxide decreases during glacial periods.
Because physical-chemical effects do not fully account for these changes, the ruling
hypothesis is that the biological pump is stronger during glaciations. But why
would the biological pump be stronger during glaciations?
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Two leading theories explamn decreases mn atmosphetic carbon dioxide by
means of increased activity n the ocean’s biological pump during glaciations
(Sigman and Boyle 2000) Both theories explain how mcreased export production
of carbon from surface waters to long-term storage i deep ocean waters can lower
atmospheric carbon dioxade during glacial periods The Broecker theory develops
mechanisms based on increasing export from low- to mud-latitude surface waters
(Broecker 1982, McElroy 1983), and the second theory rehes on high-latitude export
production of direct relevance to the GOA Patterns and trends in nutrient use m
high-latitude oceans, such as the GOA, where nutrients usually do not limat
phytoplankton production, could hold the key to understanding chimate
oscillations

7.4.24 Ocean Circulation
Because of the heat energy stored in seawater, oceans are vast mtegrators of

past chimatic events, as well as agents and buffers of climate change Wind,
precipitation, and other features of climate shape surface ocean currents (Wilson
and Overland 1986), and ocean currents m turn strongly feed back mto climate
Deep ocean waters driven by thermohaline circulation m the Atlantic and southern
oceans mfluence air temperatures over these portions of the globe by transporting
and exchanging large quantities of heat energy with the atmosphere (Pexxoto and
Oort 1992) Patterns of thermohaline (affected by salt and temperature) ocean
circulation probably change during periods of glaciation (Lynch-Stieghtz et al

- 1999) The nature of changes in patterns of thermohaline circulation appear to
determine the duration and mtenstty of climate change (Ganopolski and Rahmstorf
2001) Although the climate of the GOA 1s not directly affected by thermohalne
crculation, climate m the GOA 1s mfluenced by thermohaline circulation through
clmatic linkages to other parts of the globe

Teleconnection between North Pacific and the Tropical Pacific can periodically
strongly mfluence levels of coastal and mterior precipitation Because changing
patterns i precipitation alter the expression of the ACC (Figure 7 5), whach 1s
largely driven by runoff (Royer 1981a), periodically changing weather patterns
such as the Pacific Decadal Oscillation (PDO) and the El Nifio Southern Oscillation
(ENSO) can profoundly alter the circulation and biology of the GOA  (See
Section7223)

The effects of the cool ACC and the warmer Alaska Stream moderate air
temperatures GOA ocean temperatures are important in determimng climate in
the fall and early winter in the northern GOA and may be influential at other times
of the year Because the cool glacially nfluenced waters of the ACC moderate air
temperatures along the coast, the strength and stability of the ACC are important m
determuning chimate
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Figure 7.5 Schematic surface circulation fields in the Gulf of Alaska and mean annual
precipitation totals from coastal stations (black vertical bars) and for the central gulf (Baumgartner
and Reichel 1975).

7.4.3 Multi-decadal and Multi-annual Time Scales

7.4.3.1 Precession and Nutation

Short period changes in the seasonal and geographic distribution of solar
radiation are also due to changes in the earth’s orientation and rotational speed
(day length) (Lambeck 1980). Wobbling (precession) and nodding (nutation) of the
earth as it spins on its axis are primarily due to the fluid nature of the atmosphere
and oceans, the gravitational attraction of sun and moon, and the irregular shape of
the planet.

Small periodic variations in the length of the day occur with periods of
18.6 years, 1 year, and 60 other periodic components. The periodic components are
due to both lunar and solar tidal forcing. In addition to its effect on day length,
lunar tidal forcing with a period of 18.6 years has been associated with high-
latitude climate forcing, periodic changes in intensity of transport of nutrients by
tidal mixing, and periodic changes in fish recruitment (Royer 1993, Parker et al.
1995). Biological and physical effects of the lunar tidal cycle may extend beyond
effects associated with tidal mixing. About one-third of the energy input to the sea
by lunar forcing serves to mix deep-water masses with adjacent waters (Egbert and
Ray 2000). Oscillations in the lunar energy input could contribute to oscillations in
biological productivity through effects on the rate of transport of nutrients to
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surface waters The lunar tidal cycle appears to be approximately synchronous
with the PDO

Contemporary chimate in the GOA 1s defined by large-scale atmospheric and
oceanuc circulation on a global scale  Two periodic changes m ocean and
atmospheric conditions are particularly useful for understanding change in the
chmate of the GOA, the PDO and the ENSO Although weather patterns m the
Arctic and North Atlantic are also correlated with weather in the North Pacific,
these relations are far from clear The PDO, ENSO, and other patterns of cimate
variability combme to give the GOA a variable and sometimes severe climate that
serves as the mcubator for the winter storms that sweep across the North American
contment through the Aleutian storm track (Wilson and Overland 1986)

Increased understandmg of the PDO has been made possible by simple yet
highly descriptive mdices of weather, such as the North Pacific Index (NPI) These
mdices are discussed below Changes m the annual values of these indices led to
the realization that weather conditions m the GOA sometimes change sharply from
one set of average conditions to a different set during a period of only a few years
These rapid chimatic and oceanographic regime shifts are associated with similarly
rapid changes m the arumals and plants of the region that are of vital interest to
government, mdustry, and the general public

7.4.3.2 Pacific Decadal Oscillation

The PDO and associated phenomena appear to be major sources of
oceanographic and biological variability (Mantua etal 1997) Associated with the
PDO are three semi-permanent atmospheric pressure regions dommating chmate
m the northern GOA-the Siberian and East Pacific high-pressure systems and the
Aleutian Low These regions have variable, but characteristic, seasonal locations
A prominent feature of the PDO and the chimate of the GOA 1s the Aleutian Low,
for whach average geographic location changes periodically during the winter
Wintertime location of the Aleutian Low affects ocean circulation patterns and sea-
level pressure patterns It 1s characteristic of two chimatic regimes a southwestern
locus called a negative PDO regime (as in 1972) and a northeastern locus called a
positive PDO (1977) (Figures 7 6 and 7 7) The location of the Aleutian Low 1n the
winter appears to be synchronized with annual abundances and strength of
recruitment of some fish species (Hollowed and Wooster 1992, Francis and Hare
1994) The Aleutian Low averages about 1,002 milhbars (Favorite et al 1976), 1s
most mtense 1 winter, and appears to cycle m its average position and mtensity
with about a 20- to 25-year period (Rogers 1981, Trenberth and Hurrell 1994)

The PDO 1s studied with multiple indices, including the anomalies of sea level
pressure (as m the NPI, whach 1s discussed below), anomalies of sea surface
temperature, and wind stress (Mantua et al 1997, Hare et al 1999) The PDO
changes, or oscillates, between posttive (warm) and negative (cool) states
(Figures 78 and 79) In decades of positive PDOs, below-normal sea surface
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Figure 7.6 Oceanic circulation patterns in the far eastern Pacific Ocean proposed for
negative PDO (left) and positive PDO (right) (Hollowed and Wooster 1992).
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Figure 7.7 Mean sea-level pressure patterns from the winters of 1972 (left) and 1977
(right) (Emery and Hamilton 1985).

temperatures occur in the central and western North Pacific and above normal
temperatures occur in the GOA. An intense low pressure is centered over the
Alaska Peninsula, resulting in the GOA being warm and windy with lots of
precipitation. In decades of negative PDOs, the opposite sea surface temperature
and pressure patterns occur.

The NP], a univariate time series representing the strength of the Aleutian Low,
shows the same twentieth-century regimes defined by the PDO. The NP1 is the
anomaly, or deviation from the long-term average, of geographically averaged sea-
level pressure in the region from 160° E to 140° W, 30° to 65° N, for the years 1899
to 1997 (Trenberth and Hurrell 1994, Trenberth and Paolino 1980). The NPI was
used to identify climatic regimes in the twentieth century, for the years 1899 to
1924, 1925 to 1947, 1948 to 1976, and 1977 to 1997, and to explore the interactions of
short (20-year) and long (50-year) period effects on the timing of regime shifts.
Negative (cool) PDOs occurred during 1890 to 1924 and 1947 to 1976, and positive
(warm) PDOs dominated from 1925 to 1946 and from 1977 to about 1995 (Mantua
etal. 1997, Minobe 1997). Minobe’s analysis of the NPI identified a characteristic
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Figure 7.8 Schematic of physical processes during the winter in a positive PDO climatic regime
in the Gulf of Alaska from offshore to nearshore areas showing the Alaska Current and the Alaska
Coastal Current.

S-shaped waveform with a 50-year period (sinusoidal pentadecadal) (Figure 7.3).
His analysis pointed out that rapid transitions from one regime to another could
not be fully explained by a single sinusoidal-wavelike effect. The speed with which
regime shifts occurred in the twentieth century led Minobe to suggest that the
pentadecadal cycle is synchronized or phase locked with another climate variation
on a shorter bidecadal time scale (Anderson and Munson 1972).

In addition to periodic and seasonal changes, there is evidence that the
Aleutian storm track has shifted to an overall more southerly position during the
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Figure 7.9 Schematic of physical processes during the winter in a negative PDO climatic
regime in the Gulf of Alaska from offshore to nearshore areas showing the Alaska Current and
the Alaska Coastal Current.

twentieth century (Richardson 1936, Klein 1957, Whittaker and Horn 1982, Wilson
and Overland 1986).

7.4.3.3  El Nifio Southern Oscillation

The ENSO is a weather pattern originating in the equatorial Pacific with strong
influences as far north as the GOA (Emery and Hamilton 1985). ENSO is marked
by three states: warm, normal, and cool (Enfield 1997). Under normal conditions,
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the water temperatures at the continental boundary of the eastern Pacific are
around 20° C, as cold bottom waters (8° C) mux with warmer surface water to form
a large pool of relatively cool water of the coast of Peru  When an El Nifio (warm)
event starts, the pool of cool coastal water at the contmental boundary becomes
smaller and smaller as warm water masses (20° C to 30° C) from the west move on
top of them, and the sea level starts to rise At full E1 Nifio, mcreases in the surface
water temperatures of as much as 5 4° C have been observed very close to the coast
of Peru El Nifio also brings a sea level rise along the Equator m the eastern Pacific
Ocean of as much as 34 centimeters, as warm buoyant waters moving m from the
west override cooler, denser water masses at the continental boundary In a cool
La Nifia event, the sea levels are the opposite from an El Nifio, and relatively cool
(less than 20° C) waters extend well offshore along the equator Note that the sea
surface temperature changes associated with ENSO events extend well into the
GOA

The ENSO has effects m some of the same geographic areas as PDO, but there
are two major differences between these patterns Furst, an ENSO event does not
last as long as a PDO event, and second an ENSO event starts, and 1s easiest to
detect, in the eastern equatorial Pacific, whereas PDO dominates the eastern North
Pacific, mcludmg the GOA The simultaneous occurrence of two major weather
patterns in one location llustrates Minobe’s pomnt that multiple forcing factors with
dafferent characteristic frequencies must be operating simultaneously to create
regime shufts (Figure 7 3)

The role of marmne mnputs to the watershed phase

7.5 Marine- of regional biogeochemuical cycles has been
Terrestnal recognized for some time (Mathisen 1972)
Connections Experimments 1 artificial and natural streams have

shown that chlor ophyll a and the biomasses of the
biofilm (bacteria and molds) and aquatic macromvertebrates, such as msects,
mcrease as the amount of salmon carcass biomass increases Chilotophyll a has been
observed to increase over the full range of carcass biomass, whereas mcreases in
macromvertebrates stop at some miting value of carcass loading (Wipfh et al
1998, Wipflietal 1999) Salmon carcasses shmulate production of multiple trophic
levels, mcluding decomposers, m watersheds by providing carbon and nutrients
In earlier studies of an Alaskan stream contaming Chinook salmon, Piorkowski
(1995) supported the hypothesis of Wipfli et al (1998) that salmon carcasses can be
important i structuring aquatic food webs In particular, microbial composition
and diversity may determine the ability of the stream ecosystem to use nutrients
from salmon carcasses, a principal source of marine nitrogen

Marne nutrients and carbon move from the marme environment mnto
terrestrial species m the watersheds of the GOA (Wipfli et al 1999), as has been
shown to be the case i anadromous fish-bearing watersheds elsewhere in the
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north Pacific region (Bilby et al 1996) The following species have been found to
transport marme nutrients withm watersheds

* Anadromous species, such as salmon (Kline et al 1993, Ben-David et al
1998a),

* Marme-feeding land arumals, such as river otters (Ben-David et al 1998b)
and coastal mink (Ben-David et al 1997a),

*  Opporturustic scavengers as riverme munk (Ben-David et al 1997a), wolf
(Szepanski et al 1999), and martens (Ben-David et al 1997b), and

* Ripamnan zone plants such as trees (Bilby et al 1996)

In theory, any terrestrial plant or animal species that feeds m the marme
environment or that receives nutrients from anadromous fish, such as Harlequin
duck or Sitha spruce, 1s a pathway to the watersheds for marme carbon and
nutrients Species that contain marme nutrients are widely distributed throughout
watersheds, as determuned from levels of marme nitrogen m juvenule fish,
mvertebrates, and aquatic and riparian plants (Bilby et al 1996, Piorkowski 1995,
Ben-David et al 1998a, 1998b) The role of marine nutrients in watersheds 1s key to
understanding the relative importance of climate and human-induced changes in
population levels of birds, fish, and mammals Indeed, losses of basic habitat
productivity because of low numbers of salmon entering a watershed (Kline et al
1993, Mathisen 1972, Prorkowski 1995, Finney et al 2000) may be confused with the
effects of fisheries interceptions or marine chmate trends Comparison of
anadromous fish-bearmg streams to non-anadromous streams has demonstrated
differences in productivities related to marme nutrient cyching Import of marmne
nutrients and food energy to the lotic (flowing water) ecosystem may be retarded in
systems that have been denuded of salmon for any length of fime (Piorkowsk:
1995)

Paleoecological studies (which focus on ancient events) m watersheds bearing
anadromous species can shed light on long-terﬁl trends m marme productivity
Use of marme nitrogen m sediment cores from freshwater spawrnung and rearmng
areas to reconstruct prehistoric abundance of salmon offers some msights into long-

term trends i climate, and into how to separate the

As agencies grapple with effects of climate from human impacts such as fishing and
implementation of habitat degradation (Finney 1998, Finney et al 2000)
ecosystem-based management,
conservation actions are lkely Watershed studies linking the freshwater and marine
to focus more on portions of the regional ecosystem could pay mmportant
ecosystem processes and benefits to natural resource management agencies As
less on single species agencies grapple with implementation of ecosystem-based

management, conservation actions are likely to focus
more on ecosystem processes and less on single species (Mangel et al 1996) In the
long-term, protection of Alaska’s natural resources will require extending the
protection now afforded to smgle species, such as targeted commercially mportant
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salmon stocks, to ecosystem functions (Mangel et al 1996) In process-oriented
conservation (Mangel et al 1996), production of ecologically central vertebrate
species 1s combmed with measures of the production of other species and measures
of energy and nutrient flow among trophuc levels to identify and protect ecological
processes such as nutrient transport Applications of ecological process measures
m Alaska ecosystems have shown the feasibility and potential importance of such
measures (Kline et al 1990, Kline et al 1993, Mathisen 1972, Piorkowsk1 1995, Ben-
David et al 1997a, 1997b, 1998a, 1998b, Szepanshi et al 1999), as have applications
outside of Alaska (Bilby et al 1996, Larkin and Slaney 1997)

7.6 Physical and Geological
Oceanography* Coastal
Boundaries and Coastal and
Ocean Circulation

7 6 1 Physical Setting, Geology, and Geography

The GOA mcludes the continental shelf, slope, and abyssal plam of the
northern part (north of 50° N) of the northeastern Pacific Ocean It extends 3,600
kilometers (km) westward from 127° 30" W near the northern end of Vancouver
Island, British Columbza, to 176° W along the southern edge of the central Aleutian
Islands (Figure 7 10) It mcludes a continental shelf area of about 3 7 x 105 km?
(110,000 square nautical miles [Lynde 1986]) The area of the shelf amounts to
about 17 percent of the entire Alaskan continental shelf area (2 86 x 106 km? total)
and approxmmately 12 5percent of the total continental shelf of the Unuted States
(McRoy and Goermng 1974) Thus vast oceanic domain sustams a rich and diverse
marine life that supports the economic and subsistence livelihood for both
Alaskans and people living m Asia and North America The GOA 1s also an
mportant transportation corridor for vessels carrymng cargo to and from Alaska
and vessels traveling the Great Circle Route between North America and Asia

The hugh-latitude location and geological history of the GOA and adjacent
landmass strongly influence present-day regional meteorology, oceanography, and
sedimentary environment The northern extension of the Cascade Range, with
mountams ranging m altitude from 3 to 6 km, rings the coast from British
Columbia to Southcentral Alaska (Royer 1982) The Aleutian Range spans the
Alaska Penunsula in the western GOA and contamns peaks exceeding 1000 m mn
elevation. All of the mountains are young and therefore provide plentiful sources
of sediment to the ocean The region 1s seismically active because 1t lies within the
converging boundaries of the Pacific and North American plates The motions of
these plates control the seismucity, tectonics, volcamusm, and much of the
morphology of the GOA and make this region one of the most tectonucally active
regions on earth (Jacob 1986) Indeed, tectonic motion continuously reshapes the
seafloor through faulting, subsidence, landshdes, tsunamuis, and soil hquefaction
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Figure 7.10a Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 1997).

For example, as much as 15 m of uplift occurred over portions of the shelf during
the Great Alaska Earthquake of 1964 (Malloy and Merrill 1972, Plafker 1972, von
Huene et al. 1972). These geological processes influence ocean circulation patterns,
delivery of terrestrial sediments to the ocean, and reworking of seabed sediments.

Approximately 20 percent of the GOA watershed is covered by glaciers today
(Royer 1982) making the region the third greatest glacial field on earth (Meier
1984). The glaciers reflect both the subpolar, maritime climate and the regional
distribution of mountains, or orography, of the GOA (see Section 7.3) of the GOA.
The climate setting includes high rates of precipitation and cool temperatures,
especially at high altitudes, that enhance the formation of the icefields and glaciers.
The icefields are both a source and sink for the fresh water delivered to the ocean.
In some years the glaciers gain and store the precipitation as ice and snow; in other
years, the stored precipitation is released into the numerous streams and rivers
draining into the GOA. Glacial scouring of the underlying bedrock provides an
abundance of fine-grained sediments to the GOA shelf and basin (Hampton et al.
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Figure 7.10b Shelf topography of the northern Gulf of Alaska and adjacent waters (Martin 1997).

1986). The major inputs of glacial sediment are the Bering and Malaspina glaciers
and the Alsek and Copper rivers in the northern GOA and the Knik, Matanuska,

and Susitna rivers that feed Cook Inlet in the northwest GOA (Hampton et al.

1986).

The bathymetry, or bottom depth variations, of the GOA reflects the diverse

and complex geomorphological processes that have worked the region during

millions of years. The GOA abyssal plain gradually shoals from a 5,000-m depth in

the southwestern GOA to less than 3000 m in the northeastern GOA. Maximal

depths exceed 7,000 m near the central Aleutian Trench along the continental slope
south of the Aleutian Islands. Numerous seamounts, remnants of subsea volcanoes

associated with spreading centers in the Pacific lithospheric plate (at the earth’s

crust), are scattered across the central basin. Several of the seamounts or guyots
(flat-topped seamounts) rise to within a few hundred meters of the sea surface and
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provide important mesopelagic (muddle depth of the open sea) habitat for pelagic
(open sea) and benthic (bottom) marme orgarusms

The continental shelf varies in width from about 5 km off the Queen Charlotte
Islands i the eastern GOA to about 200 km north and south of Kodsak Island
Along the Aleutian Islands, the shelf break 1s extremely narrow or even absent, as
depths plunge rapidly north and south of the 1sland chain The numerous passes
between these 1slands control the flow between the GOA and the Bering Sea, with
depths (and inflow) generally increasing in the westerly direction (Favorite 1974)
In the eastern Aleutians, most of the passes are shallow and nairow, the largest
bemng Amukta Pass with a maximal depth of 430 m and an area of about 20 km?2
(Favorite 1974) Unimak Pass 1s the easternmost pass (of oceanographic
sigruficance) and connects the southeast Bering Sea shelf directly to the GOA shelf
near the Shumagin Islands This pass 1s about 75 m deep and has a cross-sectional
area of about 1 km? (Schumacher et al 1982)

The shelf topography n the northern GOA 1s enormously complex because of
both tectonic and glacial processes (Figures 7 10a and b) Numerous troughs and
canyons, many oriented across the shelf, punctuate the sea floor Subsea
embankments and ridges abound as a result of subsidence, uplift, and glacial
morames These geological processes have also shaped the immensely complicated
coastlne that includes numerous silled and unsilled fjords, embayments, capes,
and 1sland groups

The northwestern GOA mcludes several prominent geological features that
mfluence the regional oceanography Kayak Island, which extends about 50 km
across the shelf east of the mouth of the Copper Ruiver, can deflect inner shelf
waters offshore Interaction of shelf currents with ths 1sland can also spawn eddies
that transport nearshore waters, which have a high suspended sediment load, onto
the outer shelf (Ahlnaes et al 1987)

PWS, which lies west of Kayak Island, 1s a large complex, fjord-type estuarine
system with charactenstics of an mland sea (Muench and Heggie 1978) The sound
commurucates with the GOA shelf through Hinchinbrook Entrance m the eastern
sound and Montague Strait and several smaller passes m the western sound The
shelf 1s relatively shallow (about 125 m deep) south of Hmchinbrook Entrance and
along the eastern shore of Montague Strait Hinchinbrook Canyon, however, has
depths of about 200 m and extends southward from Hinchinbrook Entrance and
opens onto the continental slope This canyon 1s a potentially important conduit by
which slope waters can commurucate directly with sound Central PWS 1s about
60 km by 90 km with depths typically m excess of 200 m and a maximal depth of
about 750 m mn the northern sound The entrances to PWS are guarded by the shelf,
sills, or both of about 180-m depth Numerous 1slands are scattered throughout the
sound and bays, fjords, and numerous glaciers are interspersed along 1ts rugged
coastline
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‘ Several silled fjords imndent the northern GOA coast, between PWS and Cook
Inlet Inner fjord depths can exceed 250 m, whch are greater than the depths over
the adjacent shelf To the west of the Kena1 Penunsula 1s Cook Inlet, which extends
about 275 km from 1ts mouth to Anchorage at itshead The miet1s about 90 km
wide at its mouth, narrows to about 20 km at the Forelands some 200 km from the
mouth, and then widens to about 30 km near Anchorage Upper Cook Inlet
branches mto two narrow arms (Turnagam and Knik) that extend mland another
70 km Depths range from 100 m to 150 m at the mouth of Cook Inlet to less than
40 m m the upper end, with the upper arms bemng so shallow that extensive
mudflats are exposed durmg low tides The bottom topography throughout the
mlet reflects extensive faulting and glacial erosion (Hampton et al 1986)

At 1ts mouth, Cook Inlet commurucates with the northern shelf through
Kennedy Entrance, to the east, and with Shelikof Strait, to the west The latter 1sa
200-km by 50-km rectangular channel between Kodiak Island and the Alaska
Perunsula with numerous fjords indenting the coast along both sides of the strait
The main channel, with depths between 150 and 300 m, veers southeastward at the
lower end of Kodiak Island and mtersects the continental slope west of Chirikof
Island Southwest of Shelikof Strait bottom depths shoal to 100 to 150 m, and the
shelf 1s complicated by the passes and channels associated with the Shumagmn and
Semudi 1slands

7 6 2 Atmospheric Forcing of GOA Waters

The chmate over the GOA 1s largely shaped by three semi-permanent
atmospheric pressure patterns the Aleuttan Low, the Siberian High, and the East
Pacific High (Wilson and Overland 1986) These systems represent statistical
composites of many mndividual pressure cells moving across the northern North
Pacific The chmatological position of these pressure systems varies seasonally, as
shown n Figure 711 From October through April, the cold air masses of the
Siberian High deepen over northeastern Siberia, and the East Pacific High 1s
centered off the southwest coast of Califorruia  From May through September, the
Siberian High weakens and the East Pacific High migrates northward to about
40° N and attamns 1ts greatest mtensity (hughest pressure) i June The seasonal
changes in mtensity and position of these high-pressure systems mfluence the
strength and propagation paths of low-pressure systems (cyclones) over the North
Pacific In winter, the Siberian High forces storms mto the GOA, and lows are
strong, 1 summer, these systems are weaker and propagate along a more northerly
track across the Bering Sea and mto the Arctic Ocean.

The low-pressure storm systems that compose the Aleutian Low form in three
ways Many are generated in the western Pacific when cold, dry air flows off Asia
and encounters northward-flowing, warm ocean waters along the Asian contment
Additional formation regions occur in the central Pacific along the Subarctic Front
(near 35° N) where strong latitudinal gradients of ocean temperature mteract with
unstable, winter air masses (Roden 1970) Fmally, the GOA can also be a region of
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Figure 7.11 Typical summer (left) and winter (right) examples of the Aleutian Low
and Siberian High pressure systems. Contours are sea-level pressure in millibars.
(Hollowed and Wooster 1987)

active cyclogenesis (low-pressure formation), particularly in winter when frigid air
spills southward over the frozen Bering Sea, the Alaska mainland, or both (Winston
1955). Such conditions can be hazardous to mariners because the accompanying
high wind speeds and subfreezing air temperatures can lead to rapid vessel icing
(Overland 1990).

Regardless of origin, these lows generally strengthen as they track eastward
across the North Pacific. This intensification results from the flux of heat and
moisture from the ocean to the atmosphere. The lows attain maximal strength
(lowest pressure) in the western and central GOA. Once in the GOA, the coastal
mountains inhibit inland propagation, so that the storms often stall and dissipate
here. Indeed, Russian mariners refer to the northeastern GOA as the “graveyard of
lows” (Plakhotnik 1964).

The mountains also force air masses upward, resulting in cooling,
condensation, and enhanced precipitation. The precipitation feeds numerous
mountain drainages that feed the GOA or, in winter, is stored in snowfields and
glaciers where it can remain for periods ranging from months to years.

Seasonal variations in the intensity and paths of these low-pressure systems
markedly influence meteorological conditions in the GOA. Of particular
importance to the marine ecosystem are the seasonal changes in radiation, wind
velocity, precipitation, and coastal runoff.
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The mcoming short-wave radiation that warms the sea surface and provides
the energy for marine photosynthesis 1s strongly affected by cloud cover
Throughout the year, cloud cover of more than 75 percent occurs over the northern
GOA more than 60 percent of the ime (Brower et al 1988), and cloud cover of less
than 25 percent occurs less than 15 percent of the time

Interannual variabihity in cloud cover, especially m Seasonal vanations in
summer, can affect sea-surface temperatures and possibly the intensity and paths of
the mixed-layer structure (whach also depends heavily on low-pressure systems
saliruty distribution) The anomalously warm surface influence meteorological
waters observed in the summer and fall of 1997 were conaitions in the GOA

probably due to unusually low cloud cover and mild

winds (Hunt et al 1999) The characteristic cloud cover 1s so heavy that 1t hinders
the effective use of passive microwave sensors, such as Advanced Very High
Resolution Radar and Sea-viewing Wide Field of view Sensor (SeaWifs), in
ecosystem monitoring

The cyclonic (counterclockwise) winds associated with the low-pressure
systems force an onshore surface transport (Ekman transport) over the shelf and
downwelling along the coast Figure 7 12 shows the mean monthly upwelling
mdex on the northern GOA shelf This index 1s negative (implymg downwelhng)
m most months, dicating the prevalence of onshore Ekman transport and coastal
convergence Downwelling favorable winds are strongest from November through
March, and feeble or even weakly anticyclonic (upwelling favorable) m summer
when the Aleutran Low 1s displaced by the East Pacific High (Royer 1975, Wilson,
and Overland 1986) Over the central basmn, these winds exert a cyclomc torque (or
wind-stress cutrl) that forces the large-scale ocean circulation

The hugh rates of precipitation are evident n long-term average measurements
Figure 7 5 1s a composite of long-term average annual precipitation measurements
from stations around the GOA Precipitation rates of 2 to 4 meters per year (m-yr1)
are typical throughout the region, but rates in southeast Alaska and PWS exceed
4 m-yr! Except over the Alaska Perunsula m the western GOA, the coastal
precipitation rates are much greater than the estmated net precipitation rate of
1 m-yr over the central basm (Baumgartner and Reichel 1975) The coastal
estimates are undoubtedly biased because most of the measurements are made at
sea level and therefore do not fully capture the mfluence of altitude on the
precipitative flux

Figure 7 12 also mcludes the mean monthly coastal discharge from Southeast
and Southcentral Alaska as estimated by Royer (1982) On an annual average this
freshwater influx 1s enormous and amounts to about 23,000 m3 s 1, or about 20
percent greater than the mean annual Mississipp1 River discharge, and accounts for
nearly 40 percent of the freshwater flux mto the GOA This runoff enters the shelf
mainly through many small (and ungauged) drainage systems, rather than from a
few major rivers  Consequently, the discharge can be thought of as a diffuse,
coastal “line” source around the GOA perimeter, rather than arising from a few,
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Figure 7 12 Mean monthly upwelling index 1946 to 1999 (red) and mean monthly
coastal discharge 1930 to 1999 (blue) (Royer 1982 2000) in the northern GOA Negative
values of the Index imply onshore Ekman transport and coastal downwelling Discharge
1s shown In cubic meters per second a measure of flow

large “pomnt” sources The discharge 1s greatest in early fall and decreases rapidly
through winter, when precipitation 1s stored as snow There 1s a secondary runoff
peak 1n spring and summer, because of snowmelt (Royer 1982) The phasing and
magnitude of this freshwater flux 1s important, because salimity primarily affects
water densities (and therefore ocean dynamuics) in the northern GOA

Figure 7 12 shows that the seasonal variation in wind stress and freshwater
discharge 1s large, but also that these variables are not in-phase with one another,
downwelling 1s maximmal m winter and murumal in summer, whereas discharge 1s
maxmmal i fall and mmimal in late winter Both winds and buoyant discharge
affect the vertical density stratification and contribute to the formation of horizontal
pressure (and density) gradients over the shelf and slope The wind field over the
shelf 1s spatially coherent (Livingstone and Royer 1980) because the scales of the
storm systems that enter the GOA are comparable to the size of the basin The
alongshore coherence of the wind field and the distributed nature of the coastal
discharge suggest that forcing by winds and buoyancy 1s approximately uruform
along the length of the shelf Both the winds and buoyant flux force the mean
cyclonic alongshore flow over the GOA shelf and slope (Reed and Schumacher
1986, Royer 1998), as shown schematically m Figure 75 On the mner shelf, the
flow consists of the ACC, and over the slope, 1t consists of the Alaska Current
(eastern and northeastern GOA) and the Alaskan Stream (northwestern GOA)
These current systems are extensive, swift, and continuous over a vast alongshore
extent Thus, the shelf and slope are strongly affected by advection (transport of
momentum, energy, and dissolve and suspended materials by ocean currents),
mmplying that chmate perturbations, even those occurring far from the GEM study
area, can be efficiently commurnucated into the northwestern GOA by the ocean
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curculation  The strong advection also imphes that processes occurring far
upstream mught substantially mfluence biological production withun the GEM area

7 6 3 Physical Oceanography of the Gulf of Alaska Shelf
and Shelf Slope

The GOA shelf can be divided on the basis of water-mass structure and
circulation characteristics mto three domains

* The mner shelf (or ACC domam) consisting of the ACC,
* The outer shelf, mcluding the shelf-break front, and
» The mud-shelf region between the inner and outer shelves

Because the boundaries separating these regions are dynamuc, their locations
vary m space and time Although dynamic connections among these domains
undoubtedly exist, the nature of these links 1s poorly understood

The ACC 1s the most prominent aspect of the shelf circulation Itis a persistent
circulation feature that flows cyclonically (westward m the northern GOA)
throughout the year Thus current origmates on the British Columbian shelf
(although m some months or years, 1t might originate as far south as the Columbia
Raver [Royer, T C 1998, Thomson et al 1989]), about 2,500 km from 1ts entrance
mto the Bering Sea through Unimak Pass, i the western GOA (Schumacher et al
1982)

The ACC 1s a swift (20 to 180 centimeters per second [cm s-1] [0 4 to 3 6 knots]),
coastally trapped flow typically found within 35 km of the shore (Royer 1981b,
Johnson et al 1988, Stabeno et al 1995) Much or all of the ACC loops through
southern PWS, entering through Hinchinbrook Entrance and exiting through
Montague Strait (Niebauer etal 1994) Therefore, the ACC potentially 1s important
to the circulation dynamics of PWS, clearly, 1t 1s a critical advective and migratory
path for material and orgarusms between the GOA and sound West of PWS, the
ACC branches northeast of Kodiak Island The bulk of the current curves around
the mouth of Cook Inlet and continues southward through Shelikof Strait (Muench
etal 1978), the remamder flows southward along the shelf east of Kodiak Island
(Stabeno et al 1995) Although there are no long-term (multiyear) estimates of
transport m the ACC, direct measurements (Schumacher et al 1990, Stabeno et al
1995) along the Kena1 Peninsula and upstream of Kodiak suggest an average
transport of about 0 8 Sverdrup (Sv, a umt of flow equal to 1 million cubic meters
per second [1 Sv equals 106 m3 s1]), with a maximum in winter and a murumum in
summer

The large annual cycle in wind and freshwater discharge 1s reflected 1n the
mean monthly temperatures and salimties at hydrographic statton GAK 1, near
Seward, on the mner shelf (Figure 7 13) Mean monthly sea-surface temperatures
range from about 3 5° C mn March to about 14°C in August The amplitude of the
annual temperature cycle, however, dimirushes with depth, with the annual range
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Figure 7.13 The mean annual cycle of temperature (upper) and salinity (lower) at various depths
at station GAK1 on the inner shelf of the northern GOA. The monthly estimates are based on
data collected from 1970 through 1999. (The figure includes updated information [Xiong and
Royer 1984].)

being only about 1° C at depths greater than 150 m. Surface temperatures are
colder than subsurface temperatures from November through May, and the water
column has little thermal stratification from December through May.

Surface salinities range from a maximum of about 31 practical salinity units
(psu) in late winter to a minimum of 25 psu in August. Vertical salinity (density)
gradients are minimal in March and April and maximal in the summer months.
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Surface stratification commences m April or May (somewhat eatlier in PWS), as
cyclonic wind stress decreases and runoff increases, and 1s greatest in mud- to late
summer The mner shelf and PWS stratify first, because runoff mitially 1s confined
to nearshore regions and only gradually spreads offshore through ocean processes
Solar heating provides additional surface buoyancy by warming the upper layers
uruformly across the shelf However, the thermal stratification remains weak until
late May or June As winds mtensify mn fall, the stratification erodes, resulting from
stronger vertical muxing and increased downwelling, whach causes surface waters
to sink along the coast

Within the ACC, the annual amphtude m salimuty dimirushes with depth and
has a mirumum of about 0 5 psu at about the 100-m depth At greater depths, the
annual amplitude increases but the annual salinty cycle 1s out of phase with near-
surface salmity changes For example, at and below the 150 m depth, the salinity 1s
munimal m March and maximal i late summer-eatly fall The phase difference
between the near-surface and near-bottom layers reflects the combmed mfluence of
winds and coastal discharge Insummer, when downwelling relaxes, salty,
nutrient-rich water from offshore mvades the mner shelf (Royer 1975) The upper
portion of the water column 1s freshest i summer, when the winds are weak (little
muxing) and coastal discharge 1s mcreasmg Vertical mixing 1s strong through the
winter and redistributes fresh water, salt, and possibly nutrients throughout the
water column

The effects of the seasonal cycle of wind and buoyancy forcing are also
reflected 1n both the hydrographic properties and the along-shozre velocity
structure of the shelf The seasonal transitions in temperature and salmity
properties are shown mn Figure 7 14, whach 1s constructed from cross-shore sections
along the Seward Line m the northern GOA for April (representative of late
winter), August (summer), and October (fall)

The ACC doman, or mner shelf, 1s within 50 km of the coast From February
through April, the vertical and cross-shelf gradients of salmity and temperature are
weak, and the ACC front hes withmn about 10 km of the coast and extends from the
surface to the bottom Vertical shears (gradients) of the along-shelf velocity are
weak and the current dynanucs are primarily wind-driven and barotropic
(controlled by sea-surface slopes setup by the winds) at this time (Johnson et al
1988, Stabeno et al 1995) In summer (late May to early September), the vertical
stratification 1s large, but cross-shelf salinity (and density) gradients are weak The
ACC front extends from 30 to 50 km offshore and usually no deeper than 40 m
The along-shelf flow 1s weak, although highly vanable, n summer Vertical
stratification weakens m fall, but the cross-shelf sality gradients and the ACC
front are stronger than at other times of the year As coastal downwelling
mcreases, the front moves shoreward to within 30 km of the coast and steepens so
that the base of the front intersects the bottom between the 50 and 100 m 1sobaths
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Figure 7.14 Seasonal cross-shore distributions of temperature (left) and salinity (right)
along the Seward Line in the northern GOA. The graphs are based on data collected in
1999 as part of the GOA GLOBEC program (Weingartner 2001). The vertical axis is in
pressure units (decibars [db]), with 1 db the equivalent of about 1 m.

Theory (Garrett and Loder 1981, Yankovsky and Chapman 1997, Chapman and
Lentz 1994, Chapman 2000) suggests that seasonal variations in the ACC frontal
structure should strongly influence the vertical and horizontal transport and
mixing of dissolved and suspended material, both across and along the inner shelf.
Royer et al. (1979) showed that surface drifters released seaward of the ACC front
first drifted onshore (in accordance with Ekman dynamics) and then drifted along-
shore upon encountering the ACC front. Conversely, Johnson et al. (1988) showed
that, inshore of the front, the surface layer spreads offshore, with this offshore flow
increasing as discharge increases in fall. Taken together, these results suggest
cross-frontal convergence arising from differing dynamics on either side of the
ACC front. Buoyancy effects dominate at the surface inshore of the front (at least
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for part of the yeat), wind forcing domunates offshore of the front Convergence
across the front would tend to accumulate plankton along the frontal boundary,
possibly attracting foraging fish, seabirds, and marme mammals (Haldorson 2001)
The front nught also be a region of significant vertical motions Downwelling
velocities of about 30 meters per day (m-d 1) m the upper 30 m of the water column
are possible m fall (This estimate 1s based on the assumption that the cross-frontal
convergence occurs over a frontal width of 15 km with an onshore Ekman flow of

3 cm-s1 seaward of the front and an offshore flow of ~15 cm-s 1 [Johnson et al 1988]
mnshore of the front)

PWS 1s an important part of the GOA ecosystem providing both habatat to
numerous organisms and bemng a potential smh and souxce for dissolved and
suspended materials carried by shelf waters The sound has a large central basmn of
about 60 by 90 km Depths m the central basin are about 350 m deep However,
maxmum depths exceed 750 m m the northwest sound and are typically about 500
m along the western side of the sound It 1s surrounded by numerous bays and
fjords that provide a diversity of habitats for marme orgarusms (Schonudt 1977,
Niebauer et al 1994, Gay IlI, SM and Vaughan 2001) The mountamns and glaciers
that ring PWS comprise 1ts watershed and provide a plentiful supply of freshwater
and sediment to the sound through numerous streams and rivers Flow through
this semu-enclosed sea 1s generally counterclockwise with shelf waters entering
through Hinchinbrook Entrance i the east and exiting through Montague Strait in
the west The circulation varies seasonally mn accordance with the seasonal cycle of
winds and runoff, and 1t appears that the clockwise circulation nught reverse
seasonally, or at least occasionally, m summer with surface waters exiting through
Hinchmbrook Entrance and entering through Montague Strait (Vaughan et al
2001) Most of the exchange with the shelf occurs with the ACC as indeed at least a
portion if not most of the ACC flows through the lower sound However,
Hinchmbrook Entrance can also commurucate directly with the continental slope
through Hinchuinbrook Canyon, which extends from the entrance southward for
more than 100 km to the shelfbreak Deep water exchange appears to be most
pronunent m the summer, however, deep water mflow events occur throughout
the year (Niebauer et al 1994, Vaughan etal 2001) The canyon therefore
represents a potential condwit by which slope waters can enter the sound Because
these deep waters are relatively rich m nutrients they could be important to the
nutrient budgets of the sound and may provide an advective pathway by which
ocearuc plankton can be carried mto the sound Relable transport estimates of
mass and property exchanges between the sound and the shelf are not available,
although Niebauer et al (1994) suggest that as much as 40 percent of the sound’s
volume 1s exchanged m summer (May - September) and 200 percent of the volume
1s exchanged m wmter (October through April) While these estimates need to be
verified, they nevertheless suggest efficient exchange between the shelf and sound
and imply that the sound ecosystem 1s intimately Linked to shelf processes Water
property distributions and stratification m the sound are generally similar to those
of the ACC on the shelf However, because of the sheltermg effects of land, the
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sound water column stratifies earher m spring and persists longer in fall than does
the shelf

The nud-shelf domain covers the region between the ACC and the shelfbreak
Cross-shelf temperature and saliuty gradients are weak m all seasons In general,
the strongest horizontal density gradients occur withm the bottom 50 m of the
water column, probably associated with the mshore location of the shelfbreak front
(whach does not always have a surface expression) The bottom of the shelfbreak
front 1s generally found farther mshore m summer than in fall or winter Over the
upper portion of the mud-shelf water column, the vertical stratification 1s largely
controlled n most months by salinuty, although vertical salimity gradients are
weaker here 1 summer and fall than on the inner shelf Consequently, m summer,
thermal stratification plays an important role m stratifying the md-shelf water
column Here, the along-shelf flow 1s weakly westward on average because of the
feeble horizontal density gradients It should also vary seasonally strengthening m
the winter and weakening in the summer mn accordance with the winds However,
both the flow and horizontal density gradients are hughly variable because of
energetic mesoscale (10 - 50 km) flow features Potential sources for the mesoscale
variabiity mclude (1) separation of the ACC from capes (Ahlnaes et al 1987), (2)
mstabilities of the ACC (Mysak et al 1981, Bogard et al 1994), (3) mteractions of the
shelf flow with topography (Lagerloef 1983), and (4) meandermng of the Alasha
Current along the continental slope (Niebauer et al 1981) This mesoscale
variability 1s very dafficult to quantify, for 1t depends on spatial variations mn the
coasthne and the bottom topography and on seasonal variations i the wmnds and
shelf density structure Nevertheless, these mesoscale features appear to be
biologically significant For example, Incze et al (1989), Vastano et al (1992),
Schumacher and Kendall, (1991), Schumacher et al (1993), and Bogard et al (1994)
show the comcidence between larval pollock numbers and the presence of eddies
m Shelikof Strait Moreover, the nutritional condition of first-feeding larvae 1s
sigruficantly better inside than outside of eddies (Canmo etal 1991) Although the
mid-shelf region 1s poorly studied and understood compared to other portions of
the GOA shelf and slope, 1t 1s critically involved m the cross-shelf transport and
vertical mixing of nutrients, sediments, organisms, heat, and salt At the very least
1t serves as an mportant link between the mmner shelf and the continental slope

The mud-shelf domam covers the region between 50 and 125 km from the coast
Here cross-shelf temperature and salmity gradients are weak 1n all seasons In
general, the strongest horizontal density gradients occur within the bottom 50 m of
the water column, probably associated with the mnshore location of the shelf-break
front (which does not always have a surface expression) The bottom of the shelf-
break front 1s generally found farther mshore in summer than n fall or winter
Over the upper portion of the mid-shelf water column, the vertical stratification 1s
largely controlled by salinity in most months, although vertical sabmity gradients
are weaker here in summer and fall than on the inner shelf Consequently, in
summer, thermal stratification plays an important role mn strabfying the mid-shelf
water column Here, the along-shelf flow 1s weakly westward on average because
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of the feeble horizontal density gradients Both the flow and horizontal density
gradients are highly variable, however, because of energetic mesoscale (10- to
50-km) flow features Potential sources for the mesoscale variability are as follows

1 Separation of the ACC from capes (Ahlnaes et al 1987),
2 Instabihities of the ACC (Mysah et al 1981, Bogard et al 1994),
3 Interactions of the shelf flow with topography (Lagerloef 1983), and

4 Meandering of the Alaska Current along the continental slope (Niebauer et
al 1981)

Thas mesoscale variability 1s very difficult to quantify, because 1t depends on
spatial variations in the coastline and the bottom topography and on seasonal
variations i the winds and shelf density structure Nevertheless, these mesoscale
features appear to be biologically significant For example, Incze et al (1989),
Vastano etal (1992), Schumacher and Kendall (1991), Schumacher et al (1993), and
Bograd etal (1994) show the comncidence between larval pollock numbers and the
presence of eddies in Shelikof Strait Moreover, the nutritional condition of furst-
feedmng larvae 1s sigruficantly better mside than outside of eddies (Caruno et al
1991)

The mner and mid-shelf domains share two other noteworthy characteristics
First, durmg much of the year, the cross-shelf sea surface temperature contrasts are
generally small (about 2°C) The small thermal gradients and heavy cloud cover
reduce the utility of thermal infrared radiometry in assessmg circulation features
and frontal boundaries 1n the northern GOA

Second, the bottom-water properties of the shelf change markedly throughout
the year The above figures show that the high-sahnty bottom waters carried
mshore are drawn from over the continental slope mn summer This inflow occurs
annually and probably exerts an important dynamucal influence on the shelf
circulation by modifying the bottom boundary layer (Gawarkiewicz and Chapman
1992, Chapman 2000, Pickart 2000) It might also serve as an important seasonal
onshore pathway for oceanic zooplankton These arumals migrate diurnally over
the full depth of the water column, durmg the long summer day length, the
zooplankton will spend more time at the bottom than at the surface The bottom
flow that transports the high-saliuty water shoreward mught then result in a net
shoreward flux of zooplankton m summer The summertime mflow of salme water
onto the mner shelf 1s one means by which the slope and basmn mnterior
communucates directly with the nearshore, because (as discussed below) thus water
1s drawn from within the permanent halocline (depth horizon over which salmuty
changes rapidly) of the GOA The deep summer mflow 1s a potentially important
conduit for nutrients from offshore to onshore Inflow, however, 1s not the only
means by which nutrient-rich offshore water can supply the shelf Other
mechanisms mnclude flow-up canyons mtersecting the shelf break (Khinck 1996,

Jury 2002 CHAPTER 7 137



GuLF EcosYSTEM MONITORING AND RESEARCH PROGRAM

Allen 1996, Allen 2000, Hickey 1997), topographically-induced upwelling (Freeland
and Denman 1982), and shelf-break eddies and flow meanders (Bower 1991)

The third domain, consisting of the shelf break and continental slope 1s
mfluenced by the Alaska Current, which flows along the northeastern and northern
GOA, and 1ts transformation west of 150° W, mto the southwestward-flowing
Alashan Stream These currents comprise the poleward limb of the North Pacific
Subarctic Gyre and provide the oceanic connection between the GOA shelf and the
Pacific Ocean The Alaska Current 1s a broad (300 km), sluggish (5 to 15 cm/'s) flow
with weak horizontal and vertical velocity shears The Alaskan Stream 1s a narrow
(100 km), swift (100 cm/'s) flow with large velocity shear over the upper 500 m
(Reed and Schumacher 1986) The stream continues westward along the southern
flank of the Alasha Perunsula and Aleutian Islands and gradually weakens west of
180° W (Thomson 1972) The convergence of the Alaska Current into the Alashan
Stream probably entails concomutant changes m the velocity and thermohaline
gradients along the shelf break Insofar as these gradients influence fluxes between
the shelf and slope (Gawarkiewicz 1991), the transformation of the Alaska Current
mto the Alaskan Stream 1mmples that shelf-break exchange mechanisms are not
uniform around the GOA Moreover, the effects of these exchanges on the shelf
will also be influenced by the shelf width, which varies from 50 km or less m the
eastern and northeastern GOA to about 200 km 1 the northern and northwestern
GOA

The Alaskan Stream has a mean annual volume transport (flow of water) of
between 15 and 20 Sv (Sv=Sverdrup=measure of volume) (Reed and Schumacher
1986, Musgrave et al 1992), and although seasonal transport variations appear
small, mterannual transport variations may be as great as 30 percent (Royer 1981a)
Thomson et al (1990) found that the Alaska Current 1s swifter and narrower in
winter than m summer Surface salimities within the Alaska Current vary by only
about 0 5 psu throughout the year, whereas the seasonal change m sea surface
temperature (SST) 1s comparable to that of the shelf (about 10°C) Nevertheless,
horizontal and vertical density gradients are controlled by the salmity distribution
Maximal stratification occurs between depths of 100 and 300 m and 1s associated
with the permanent halochine of the GOA Halochine saliruties range between 33
and 34 psu, and temperatures are between 5° C and 6° C (Tully and Barber 1960,
Dodimead et al 1963, Reid Jr 1965, Favorite et al 1976, Musgrave et al 1992)
These water-mass characteristics are 1dentical to the properties of the deep water
that floods the shelf bottom each summer (Figure 7 14 )

Although eddy energies of the Alaskan Stream appear small (Royer 1981a,
Reed and Schumacher 1986), significant alteration of the slope and shelf-break
circulation 1s likely during occasional passage of large (200-km-diameter) eddies
that populate the mterior basm (Crawford et al 1999) Musgrave et al. (1992) show
considerable alteration in the structure of the shelf-break front off Kodiak Island
during the passage of one such eddy These eddies are long-hved (two to three
years) and energetic, having typical swirl speeds of 20 to 50 cm/s (Tabata 1982,
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Musgrave et al 1992, Okkonen 1992, Crawford et al 1999) They form in the
eastern GOA, primarily m years of anomalously strong cycloruc wind forcing along
the eastern boundary (Willmott and Mysak 1980, Melsom A etal 1999, Meyers
and Basu 1999) and then propagate westward at about 2 to 3 cm/s Most of the
eddies remain over the deep basm and far from the contmental slope, however,
some propagate along the slope, requiring several months to transit from Yakutat
to Kodiak Island (Crawford et al 1999, Okkonen 2001)

Eddzes that mpinge upon the continental slope could significantly influence
the shelf circulation and exchanges between the shelf and slope of salt, heat,
nutrients, and plankton Thewr influence on shelf-slope exchange m the northern
GOA has not been ascertamed, but because they propagate slowly, are long-lived,
and form episodically, they could be a source of interannual variability for this
shelf These eddies have many features mn common with the Gulf Stream rings that
sigruficantly modify shelf properties along the Fast Coast of the Unuted States
(Houghton et al 1986, Ramp 1986, Joyce et al 1992, Wang 1992, Schlitz submuatted)
In the eastern GOA, Whitney et al (1998) showed that these eddies cause a net
offshelf nutrient flux In the northern GOA, they mught have the opposite effect,
because nutrient concentrations are generally higher over the slope than on the
shelf (Whatledge 2000, Childers 2000)

7 6 4 Biophysical Implications

The magmitude of the spring phytoplankton bloom depends on sutface nutrient
concentrations and water-column stability The annual resupply of nutrients to the
euphotic zone 1s not understood for the mner shelf, however Cross-shelf, surface
Ekman transport in winter cannot account for the high nutrient concentrations
observed on the mner shelf m spring (Childers 2000, Whitledge 2000) Turbulent
mixing during late fall and wmnter could mix the nutrient-rich deep water (brought
onto the shelf m summer) up mto the surface layer in time for the spring bloom If
so, vernal nutrient levels might result from a two-stage preconditioning process
occurring during the several months preceding the spring bloom The first stage
occurs in summer and 1s related to the onshelf movement of saline, nutrient-rich,
bottom water as described above The quantity of nutrients carried onshore then
depends upon the summer wind field and the properties of the slope source water
that contributes to this inflow The second step occurs n fall and winter and
depends on turbulence Current mstabilities, downwelling-induced convection,
and diffusion accomplish the vertical mixing The extent of this mixing depends
upon the seasonally varying stratification and the vertical and horizontal velocity
structure of the ACC Each of these mecharusms probably varies from year to year,
suggesting that spring nutrient concentrations will also vary

Another potentially important nutrient source for the mner shelf m spring 1s
PWS Wmter mixing mn the sound could bring nutrient-rich water to the surface,
where 1t 1s exported to the shelf by that portion of the ACC that loops through
PWS
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The timung of the spring bloom depends on development of stratification
within the euphotic zone The euphotic zone extends from the surface to a depth
where sufficient light still exasts to support photosynthesis Stratification within
the euphotic zone 1s mfluenced by freshwater discharge and solar heating
Prelmmary GLOBEC data (Whatledge 2000, Stochwell 2000) suggest that the spring
bloom begms i protected regions of PWS in late March as day length mcreases and
stratification builds as a result of snowmelt, ramfall, and the sheltering effect of the
PWS from winds The bloom on the shelf lags that of PWS by from two to six
weehs and may not proceed simultaneously acioss the shelf Thus delay results
from the time required to stratify the shelf Because densuty 1s sttongly affected by
saliruty and, therefore, by the spreading of fresh water on the shelf, stratification
does not evolve by vertical (one-dimensional) processes phase-locked to the annual
solar cycle Rather, stratification depends primarily on the rate at which fresh
water spreads offshore, which 1s a consequence of three-dimensional circulation
and muxing processes mtimately associated with ocean dynamics

Several implications follow from this hypothesis First, spring bloom dynamucs
on the shelf are not as tightly coupled to the solar cycle as on mid-latitude shelves
where temperature controls density Second, mixed-layer development depends
on processes operating spannung a range of time scales and mnvolves a plethora of
variables that affect vertical mixing and the offshore flux of fresh water from the
nearshore These variables mnclude the fractions of wimnter precipitation dehvered to
the coast as snow and ram, the timing and rate of spring snowmelt (a function of
air temperature and cloudiness), and the wind velocity The relevant tume scales
range from a few days (storm events) to seasonal or longer The long time scales
follow from the fact that the shelf circulation, particularly the ACC, can advect the
freshwater that contributes to stratification from very distant regions Third,
mterannual variabihty mn the onset and strength of stratification on the GOA
contmental shelf 1s probably greater than for mid-latitude shelves Thus expectation
follows from the fact that several potentially mteracting parameters affect
stratification, and each or all can vary considerably from year to year Therefore,
application of Gargett's (1997) hypothesis of the optimal stability window to the
GOA shelf mvolves more degrees of freedom than its use on either mid-latitude
shelves or the central GOA (where temperature exerts prumary control on
stratification m the euphotic zone) -

All of these considerations suggest that stratification probably does not develop
uniformly m space or time on the GOA shelf The implications are potentially
enormous with respect to feeding opportunities for zooplankton m spring These
animals must encounter abundant prey shortly after mugrating to the surface from
their overwintering depths Emergence from diapause (a period of reduced
metabolism and mnactivity) 1s tightly coupled to the solar cycle, rather than the
onset of stratification Conceivably then, zooplarikton recruitment success might
depend on shelf physical processes occurring over a period of several months prior
to the onset of the bloom In particular, the magnitude and phasing of the spring
bloom might be preconditioned by shelf processes that occurred throughout the
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preceding summer and winter Perturbations in the magnitude and phasing of the
spring bloom might propagate through the food chamn and affect summer and fall
feeding success of juverule fishes (Denman et al 1989)

765 Tides

The tides n the GOA are of the mixed type with the principal lunar senu-
diurnal (M) tide bemg dominant and the luri-solar drurnal (K;) tide being, m
general, of secondary importance Tidal characteristics (amplitudes and velocities)
are strongly influenced by the complex shelf and slope bathymetry and coastal
geometry, however Consequently, spatial variations in the tidal characteristics of
these two species are large For example, Anchorage has the largest tidal
amplhitudes m the northern GOA, with the M- tide bemng about 3 6 m and the K;
tide being about 07 m In contrast, the amplitudes of both of these constituents m
Kodiak and Seward are less than half those of Anchorage Foremanetal (Foreman
etal 2000) found that the cross-shelf flux of tidal energy onto the northwest GOA
shelf 1s enormous and 1s accomparued by hagh (bottom) frictional dissipation rates
Therr model estimates mdicate that the tidal dissipation rate i Kennedy Entrance
accounts for nearly 50 percent of the total dissipation of the M> constituent in the
GOA  Further, about one-third of the energy of the K; tide m the GOA 1s dissipated
m Cook Inlet Some of the energy lost from tides 1s available for mxing, which
would reduce vertical stratification and enhance the transfer of nutrients into the
euphotic zone

The mnteraction of the tidal wave with varymng bottom topography can also
generate shelf waves at the diurnal frequency and generate residual flows The
waves are a prominent feature of the low-frequency circulation along the British
Columbian shelf (Crawford 1984, Crawford and Thomson 1984, Flather 1988,
Foreman and Thomson 1997, Cummuns and Oey 2000) and could affect pycnocline
displacements (The pycnocline 1s a vertical layer across which water density
changes are large and stable ) The model of Foreman et al (2000) predicts drurnal-
period shelf waves in the northwest GOA and especially along the Kodiak shelf
break Although no observations are available to confirm the presence of such
waves along the Kodiak shelf, therr presence could mfluence biological production
here as well as the dispersal of planktonic organisms Residual flows resulting
from non-linear tidal dynamics could (locally) mfluence the transport of suspended
and dissolved materials on the shelf

Seasonal changes m water-column stratification can also affect the vertical
distribution of tidal energy over the shelf through the generation of internal
(baroclinic) waves of tidal period Such motions are likely to occur m summer and
fall m the northwestern GOA where the flux of barotropic tidal energy (whach 1s
nearly uraformly distributed over the water column) across the shelf break
(Foreman et al 2000) interacts with the highly stratified water column on the shelf
The mternal waves generated can have small spatial scales (10s of km) m contrast
to the large scale (1,000s of km) of the generating barotropic tidal waves
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Moreover, the phases and amplhitudes of the baroclimuc tides will vary with seasonal
changes m stratification  Although no systematic mvestigation of internal fides on
the GOA shelf has been conducted, Danielson (2000) found that the tidal velocities
m the ACC near Seward m winter are about 5 cm/s and are barotropic However,
mn late summer, tidal velocities m the upper 50 m are about 20 cm/s whereas below
100-m depth they are about 5 cm/s Internal tides will also displace the pycnocline
sufficiently to have biological consequences, mcluding the pumpimng of nutrients
mto the surface layer, the dispersal of plankton and small fishes, and the formation
of transitory and small-scale zones of horizontal divergence and convergence that
affect feedmng behaviors (Mann and Lazier 1996) Stratified tidal flows nught also
be significant for some silled fjords The mteraction of the tide with the silf can
enhance mxing and exchange (Farmer and Smith 1980, Freeland and Farmer 1980)
and can resupply the mner fjord with nutrient-rich, hugh-salruty water and
plankton through Bernoull suction effects (Thompson and Golding 1981, Thomson
and Wolanshi 1984)

7 6 6 Gulf of Alaska Basin

The circulation in the central GOA consists of the cyclonically
(counterclockwise) flowing Alaska Gyre, which 1s part of the more extensive
subarctic gyre of the North Pacific Ocean The center of the gyre 1s at about 53° N,
and 145°to 150°W The gyre includes the Alaska Current and Stream and the
eastward-flowmng North Pacific Current along the southern boundary of the GOA
The latter 1s a trans-Pacific flow that origmates at the confluence of the northward-
flowing Kuroshio Current and the southward-flowmg Oyashio Current in the
western Pacific Some water from the Alaska Stream apparently recirculates into
the North Pacific Current, but the strength and location of this recirculation 1s
poorly understood and appears to be extremely variable (Favorite et al 1976) The
North Pacific Current bifurcates off of the western coast of North America, with the
northward flow feeding the Alaska Gyre and the southward branch entering the
Califorrua Current The bifurcation zone 1s located roughly along the zero line in
the climatological mean for the wind stress curl The gyral flow reflects the large-
scale cyclonic wind-stress distribution over the GOA Mean speeds of drifters
deployed n the upper 150 m of this gyre (far from the contnental slope) are 2 to 10
cm/s, but the variability 1s large (Thomson et al 1990) These cyclornic winds also
force a long-term average upwelling rate of about 10 to 30 m/yr 1n the gyre center
(*X1e and Hsieh 1995)

The vertical thermohaline structure of the Alaska Gyre 1s described by Tully
and Barber (1960) and Dodimead et al (1963) and consists of the following
components

1 A seasonally varymg upper layer that extends from the surface to about the
100-m depth,
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2 A halochne that extends from 100 m to about the 200-m depth over whach
salmity increases from 33 to 34 psu and temperatures decrease from 6 to
4°C, and

3 A deep layer, extending from the bottom of the halocline to about the 1,000-
m depth, over which saliruty imcreases more slowly to about 34 4 psu and
temperatures decrease from 4° to 3° C

Below the deep layer salinity mcreases more slowly to 1ts maximal value of
about 34 7 psu at the bottom

The seasonal vatiations of the uppet layer reflect the effects of wmd-mixing and
heat exchange with the atmosphere-essentially one-dimensional mixing processes
The ocean loses heat to the atmosphere from October through March and gams
heat from April through September The upper layer 1s 1sohaline and 1sothermal m
winter down to the top of the halochme At this time, upper-layer salnities range
from 32 5 to 32 8 psu, and temperatures range from 4° to 6° C The upper layer 1s
fresher and colder in the northern GOA and saltier and warmer in the southern
GOA The upper layer gradually freshens and warms mn spring, as wind speeds
decrease and solar heating mncreases A summer mixed layer forms that includes a
weak secondary halocline and a strong seasonal thermocline, with both centered at
about the 30 m depth The seasonal pycnochine erodes and upper layer properttes
revert to winter conditions as cooling and wind-muxmg mcrease n fall

The haloclne 1s a permanent feature of the Subarctic North Pacific Ocean and
represents the deepest limut over which winter mixing occurs within the upper
layer The halochne results from the high (compared with other ocean basins) rates
of precipitation and runoff in conjunction with large-scale, three-dimensional
carrculation and mterior moang processes occurring over the North Pacific (Reid Jr
1965, Warren 1983, Van Scoy et al 1991, Musgrave etal 1992) The strong density
gradient of the halocline effectively imits vertical exchange between saline and
nutrient-rich deep water and the upper layer The deep waters of the GOA consist
of the North Pacific Intermediate Water (formed imn the northwestern Pacific Ocean)
and, at greater depths, contributions from the North Atlantic Mean flows m the
deep mterior are feeble (1 cm/s), and the flow dynamucs are governed by both the
clmatological wind stress distribution (Koblinsky et al 1989) and the global
thermohahne circulation (Warren and Owens 1985) modified by the bottom
topography The thermohaline circulation carries nutrient-rich waters mto the
North Pacific and forces a weak and deep upwelling throughout the region
(Stommel and Arons 1960a, 1960b, Reid 1981)

The overall fertiity of the GOA depends primarily

7.7  Chemical on nutrient resupply from deep-water sources to
Oceanography: the surface layer were plants grow Rates of
Marine carbon fixation by phytoplankton m the euphotic
Nutrients and zone are limited seasonally and annually by
Fertility changing light levels and the kinds and supply
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rates of several dissolved morgarc chemucal species Three elements-rutrogen,
phosphorus, and sihcon-are essential to the photosynthetic process (Parsons et al
1984) Other dissolved morganic constituents such as won are also bebeved to
control rates of photosynthesis at some locations and times (Freeland et al 1997,
Martin and Gordon 1988, Pahlow and Riebsell 2000)

Organic matter synthesized by plants in the highted surface layer 1s consumed
there or sinks down mto the deeper water column where some may eventually
reach the seabed The unconsumed portion 1s oxidized to morganic dissolved
forms by bacteria at all depths In the euphotic zone, norganic nutrents excreted
by zooplankton and by micronekton and macronekton (fish), liberated by bacterial
oxidation (a process referred to as remineralization), or both excreted and hiberated
are immediately recycled by phytoplankton (Nekton 1s swimming marme hfe) In
contrast, iving cells, organic detritus (remams of dead organisms), and fecal pellets
that escape the euphotic zone by smking are renuneralized below the highted upper
layer, and the resulting morgarc forms are lost to surface plant stocks The result
of these combined processes leads to vertical distributions of dissolved morgarnuc
rutrogen, phosphorus, and silicon in whach the surface concentrations are much
lower than those found deeper 1n the water column Such 1s the case for the GOA
(Reeburgh and Kipphut 1986) Geostrophic (shaped by the earth’s rotation) and
wind-forced upwelling and deep seasonal overturn provide local mechanisms that
bring nutnent enriched deep water back into the surface layer each year
(Schumacher and Royer 1993) Additionally, at depths shallower than about 100 m,
tidal mxng resulting from friction across the bottom can mnteract with the wind-
mixed surface layer to provide an mtermuttent avenue for surface nutrient
replenishment durmg all seasons

Concentrations of the dissolved morganic forms of rnutrogen (ntrate, nitrite, and
ammona), phosphorus (phosphate), and silicon (silicate) occur at some of the
highest levels measured anywhere m the deep waters of the GOA (Mantyla and
Reid 1983) A permanent pycnochne, resulting from the relatively low salinity of
the upper 120 to 150 m, Imts access to thus valuable pool, however, deep winter
muxing rarely reaches below about 110 m m waters over the deep ocean (Dodimead
etal 1963, Favorite etal 1976) Although upwelling occurs m the center of the
Alaska Gyre, 1t 1s believed to be only on the order of a meter (or considerably less)
per day (Sugimoto 1993, Xie and Hsieh 1995), a relatively modest rate compared to
some regions of high productivity like the Peru or Oregon coastal upwellings
Away from the Alaska Gyre upwelling along the northern continental margmn of
the GOA, the prevailing winds drive a predominately downwelling environment
over the shelf for seven to eight months each year Although this condition usually
moderates during the summer, there 1s little evidence that wimd-forced coastal
upwelling 1s ever well developed Instead, during the period of relaxed
downwelling or sporadic and weak upwelling, a rebound of 1sopycnal (density
boundaries, waters having the same densities) surfaces along the shelf edge permuts
the run-up of dense slope water onto and across the shelf This subsurface water,
contaming elevated concentrations of dissolved nutrients, flows into the deeper
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coastal basms and fjords (Muench and Heggie 1978, Heggie and Burrell 1981)
Presumably the timimng and duration of this coastal bottom renewal 1s related to the
nature of the Pacific High pressure domunance in the GOA each summer

The coastal and mshozre waters in the northern GOA are also mfluenced by
runoff from a large number of streams, rivers, and glaciers in the rugged coastal
margm In these areas that are largely untouched by agriculture, this mput
probably contributes Iittle to the coastal nutrient cycle,

except possibly as a source for sihicon and 1ron (Burrell The major pool of plant nutrients
1986) Therefore, the major pool of plant nutrients for for water column production
water column production m ocean, shelf, and coastal in ocean, shelf, and coastal
regions 1s derved from marme sources and resides m the regions is in deep waters

deep waters below the surface production zone

Because hight hmuts carbon fixation during the winter months, there 1s a strong
seasonal signal 1 nutrient concentrations of the euphotic zone mn upper-layer shelf,
coastal, and mside waters Durmg the winter, dissolved morganic plant nutrients
buuld thewr concentrations in the deeperung wind-mzixed layer as deeper, nutrient
rich water becomes mvolved m the seasonal overturmn at a time when uptake by
phytoplankton 1s mmmimal Under seasonal hght imitation, surface nutrient
concentrations probably peak in early March, just before the onset of the annual
plankton production cycle By nud- to late-May and early June, euphotic zone
nutrients are drawn down dramatically to seasonal lows as the stratification that
matiates the spring “bloom” of plant plankton severely restricts the vertical flux of
new nutrients (Goering et al 1973) Nitrate can become undetectable or nearly so -
during the summer months i many shelf and coastal areas, and ammonia
(excreted by grazers) becomes important in sustamung the much-reduced primary
productivity Later m fall, with the onset of the Aleutian Low and the storms that 1t
produces, a cooling and deeperung wind-mixed layer can reinject sufficient new
nutrients mto a shrinking euphotic zone to mitiate a fall plant bloom i some years
(Eslinger et al 2001)

The strong seasonal signal of nutrients and plant stocks evident on the
contmental shelf 1s dimimished m surface waters seaward of the shelf break in the
GOA The region beyond the continental shelf break 1s described as “high nutrient,
low chlorophyll “ It was believed historically that grazing by a collective of large
calanoid copepods (species of zooplankton endemic to the subarctic Pacific)
consumed enough plant biomass each year to control the overall productivity
below levels needed to completely exhaust the surface mitrogen (Hemrich 1962,
Parsons and Lall1 1988)

More recently, rron limitation has been posed as a mechanism controlling
primary production mn the GOA and n several other offshore regions of the world’s
oceans (Martmn and Gordon 1988) Contemporary research m the GOA has
revealed that control of the amount of food produced by phytoplankton through
grazing of zooplankters 1s probably important, although the species of zooplankton
mvolved are not the large calanoid copepods (Dagg and Walser 1987, Frost 1991,
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Dagg1993) Production of phytoplankton 1s thought to be controlled by an
assemblage of microzooplankters, nucroconsumers, represented by abundant
ciliate protozoans and small flagellates, rather than by large calanoid copepods
(Booth et al 1993) Because the growth rates of these grazers are higher than those
of the plants, 1t 1s hypothesized that these microconsumers are capable of efficiently
tracking and lmiting the overall oceanic productivity by eating the primary
producers, the phytoplankton (Banse 1982) The control mecharusm 1s made
possible because the plant commurnuties are domunated by very small cells, 10
mucrometers o1 less, that can serve as food for the microconsumers

A counter-hypothesis asserts that the small size of the plants 1s actually in
response to low levels of iron It 1s known that faced with nutrient limutation,
phytoplankton communities generally shift to small-sized species whose surface-
area-to-volume ratios are high Resolution of these related 1deas 1s sought m
conbinuung studies of the oceanic production cycle

Surprising recent observations demonstrate a trend mn mcreasing temperatures
mn the upper layers that may be causing a shaft in the seasonal nutrient balance
offshore (Freeland et al 1997, Polovina etal 1995) For the first time, there are
reports that nitrogen has been drawn down to undetectable levels along line P m
the southern GOA out to a distance of 600 km from the coast (Welch 2001) Line P
1s an oceanographic transect run by the Canadian government that 1s the oldest
source of data from the southern GOA In addition, the evidence provided by
Welch indicates that the winter muxed layer 1s shoaling under long-term warming
conditions

An essential 1ssue for the GEM Program will be to understand how, at a variety
of spatial and temporal scales, the supply rates of inorganic niftrogen, phosphorus,
sthicon, and other essential nutrients for plant growth m the euphotic zone are
mediated by cimate-driven physical mechanisms in the GOA Inorganic nutrient
supphes mught be mnfluenced by chimate changes in the following ways

* Upwelling m the Alaska Gyre,

* Deep winter mixing,

* Shelf and coastal upwelling and downwelling,

* Vertical transport m frontal zones and eddies, and
* Deep and shallow cross-shelf transports

In addition to these mechanisms, the ACC may play a role that has yet to be
determined 1n the supply rates of dissolved morgamc nutrients to nearshore
habitats (Schumacher and Royer 1993) Fmally, the import of marme-derived
nitrogen assoclated with the spawmng migrations of salmon and other
anadromous fishes has been described as a novel means by which the oceanic GOA
enriches the terrestrial margin each year This allochthonous input (food from an
outside source) to the dramages bordering the GOA 1s clearly important m many
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freshwater nursery areas hosting the early Iife stages of Pacific salmon (Finney
1998) and must vary with mnterannual and longer-term changes n salmon
abundance

7.8 Biological Oceanography-"
Plankton and Productivity

781 Plankton Investigations in the Gulf of Alaska

Much of what 1s presently understood about the plankton commuruties and
thexr productivity in the GOA has arisen from several programs exanunng the
open ocean and shelf environments These programs have mcluded the following:

» US-Canada NORPAC surveys (LeBrasseur 1965),

* Subarctic Pacific Ecosystem Research (SUPER) project of the National
Science Foundation (NSF) (Miller 1993),

»  The multi-decadal plankton observations from Canadian Ocean Station P
(OSP) and Line P (McAllister 1969, Fulton 1983, Frost 1983, Parsons and
Lall1 1988),

* Annual summer Japanese vessel surveys by Hokkaido Unversity
(Kawamura 1988),

= The Outer Continental Shelf Energy Assessment Program (OCSEAP) by
Minerals Management Service (MMS) and National Oceanic and
Atmospheric Admurustration (NOAA) (Hood and Zimmerman 1986), and

* The Shelikof Strait Fisheries Oceanography Cooperative Investigation
(FOCI) study by NOAA and NMFS (Kendall et al 1996)

Additional and more recent programs mclude the North Pacific GLOBEC of the
NSF and those supported by the EVOS Trustee Council The above-mentioned
programs and a few other studies provide a reasonably coherent first-order picture
of the structure and function of lower trophic levels in the northeastern subarctic
Pacific Ocean A serious gap m the detailed understanding
of relationships between the observed mshore and offshore
production cycles remains, however-namely how these
quute different ecosystems are phased through time and

It 1s not understood how the
quite different ecosystems of
lower trophic levels in the

mteract at their boundaries over the shelf As a result, northeastern subarctic Pacific
mformation 1s lacking about how the effects of future Ocean are phased through time
chmate change may marufest in food webs supporting and nteract at their boundaries
higher level consumers over the shelf
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78 2 Seasonal and Annual Plankton Dynamics

The composition, distribution, abundance, and productivity of plant and
animal plankton communities m the GOA have been reviewed by Sambrotto and
Lorenzen (1986), Cooney (1986), Miller (1993), and Mackas and Frost (1993) In
general, dramatic dfferences are observed between pelagic commumnities over the
deep ocean, and those found 1n shelf, coastal, and protected mside waters (sounds,
fjords, and estuaries) Specifically, the euphotic zone seaward of the shelf edge 1s
dominated year round by very small phytoplankters-tiny diatoms, naked
flagellates, and cyanobacteria (Booth 1988) Most are smaller than 10 mucrons m
size, and their combined standing stocks (measured as chlorophyll concentration)
occur at very low and seasonally stable levels It was origimmally hypothesized that a
small group of large oceanic copepods (Neocalamis spp and Eucalanus bungr)
bmuted plant numbers and open ocean production by efficiently controlling the
plant stocks through grazing (Hemrich 1962) More recent evidence, however,
mdicates the predominant grazers on the ocearuc flora are not the large calanoids
(Dagg 1993), but instead abundant populations of cihate protozoans and
heterotrophic microflagellates (Miller et al 1991a, 1991b, Frost 1993) It has been
further suggested that mn these high nutrient, low chlorophyll oceanic waters, very
low levels of dissolved morgamc ron (coming mainly from atmospheric sources)
are ultimately responsible for structuring the composition of the primary producers
and consumers (Martin and Gordon 1988, Martin 1991) Close reproductive and
trophic coupling between the nanophytoplankton and microconsumers appears to
restrict levels of primary productivity below that needed to exhaust all of the
seasonally available nitrogen each year (Banse 1982) Moreover, the excreta of the
mucroconsumers 1s diffuse, with low simking rates, and 1s easily oxidized by
bacteria Ammorua (derved from grazer-released urea) 1s a preferred plant
nutrient, and the first oxadation product recycled in this way Wheeler and
Kokkinaks (1990) demonstrated that as long as ammonua 1s available for the plants,
rutrate uptake mn the euphotic zone 1s much reduced Together, these findmgs are
painting a considerably revised picture of lower trophic level relationships and
nutrient balances at the base of the offshore pelagic ecosystem in the GOA

In contrast, shelf, coastal, and inside waters host a more traditional plankton
community 1n which large and small diatoms and dmoflagellates support a
copepod-dominated grazing assemblage (Sambrotto and Lorenzen 1986, Cooney
1986) Here, the annual production cycle 1s characterized by well-defined spring
(and sometmmes fall) blooms of large diatom species (most larger than 50 microns)
whose productivities are hmited annually by the rapid utihzation of dissolved
morganic rutrogen, phosphorus, and silicon in the euphotic zone (Eslinger et al
2001, Ward 1997) These blooms typically begin in late March and early April in
response to a seasonal stabilization of the winter-conditioned deep mixed layer
High rates of photosynthesis typically last only four to six weeks (Goermg et al
1973) Strong periods of wind, tidal maxing, or both during the bloom can prolong
these events by mterrupting the conditions of ight and stability needed to support
plant growth When the phytoplankton bloom 1s prolonged mn this way, its
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mtensity 1s lessened, but considerably more organic matter 1s apparently directed
mto pelagic food webs, rather than sinking to feed seabed consumers (Eslinger et

al 2001) Accelerated seasonal warming and freshenung of the upper layers m May
and June provide mncreasing stratification that eventually restricts the vertical flux
of new nutrients and limuts summer primary productivity to very low levels In
some years, a fall bloom of diatoms occurs in September and October n response to
a deepening wind-mixed layer and enhanced nutrient levels The ecological
sigruficance of the fall portion of the pelagic production cycle remains largely
undescribed

In both the ocean and shelf domams, strong seasonal signals occur mn standing
stochs and estimates of daily and annual rates of production for the phytoplankton
and zooplankton Some of the earliest measurements of photosynthesis at OSP
placed the annual primary production in the southern part of the Alaska Gyre at
about 50 grams of carbon per square meter per year (g C m 2y 1) (McAllister 1969),
or somewhat lower than the overall world ocean average of 70 gCm2y 1 More
recent studies using other techruques, however, have suggested higher annual
rates, somewhere between 100 to 170 g C m 2y -1 (Welschmeyer et al 1993) Unlike
the production cycle over the shelf, the oceanic primary productivity does not
produce an identifiable spring/summer plant bloom Instead, the oceanic
phytoplankton stock remains at low levels (about 0 3 mulligrams [mg] of chilor ophyll
a m 3 year-round for reasons discussed above In stark contrast, oceanic stocks of
zooplankton (upper 150 m) do exhubit marked seasonality Late wimnter values of 5
to 20 mg m 3 (wet weight) rise to 100 to 500 mg m 3 m mud-summer, when upper-
layer populations of large calanoids dommate the standing stock Assuming the
zooplankton production is roughly 15 percent of the ocearuc prmmary productivity
(Parsons 1986), annual estmates of zooplankton carbon production estimated from
primary productivity range between 8 and 26 gCm? Given that the carbon
content of an average zooplankter 1s approximately 45 percent of the dry weight,
and that dry weight 1s about 15 percent of the wet weight (Omor1 1969), the carbon
production can be converted to estimates of biomass Results from this calculation
suggest that between 119 and 385 g of biomass m 2 may be produced each year m
the upper layers of the ocearuc regime from sources thought to be largely
zooplankton

The shelf, coastal, and inside waters present a mosaic of many different pelagic
habitats The open shelf (depths less than 200 m) 1s narrow m the east between
Yakutat and Kayak Island (20 to 25 km 1 some places), but broadens in the north
and west beyond the Copper River (about 100 to 200 km) The shelf 1s punctuated
by submarine canyons and deep straits, but also rises to extensive shallow shoals at
some locations The rugged northern coastal margin 1s characterized by numerous
1slands, coastal and protected fjords, and estuaries Only PWS 1s deeper than
400 m

Although the measurements are sparse, the open shelf and coastal areas of the
northern GOA are believed to be quute productive, particularly the region between
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PWS and Shelihof Strait (Sambrotto and Lorenzen 1986) Coastal transport and
turbulence along the Kenai Peninsula, mn lower Cook Inlet, and around Kodiak and
Afognak 1slands appears to enhance nutrient supphes during the spring and
summer Annual rates of primary production approaching 200 to 300 gCm?2y1
have been described In other coastal fjords, sounds, and bays, the estimates of
annual primary production range from 140 to more than 200 g Cm 2y 1 (Goering
etal 1973, Sambrotto and Lorenzen 1986) Assuming again that the annual
zooplankton production 1s roughly 15 percent of the primary productivity, yearly
zooplankton growth in shelf and coastal areas probably ranges between about 21
and 45 gCm?2y -, 01 311 to 667 gm 2yl wet weight In PWS, the wet-weight
biomass of zooplankton caught in nets (net-zooplankton) in the upper 50 m varies
from a low i February of about 10 mg m 3 to a hugh of more than 600 mg m 3 in
June and July (Cooney et al 2001a) For selected other coastal areas outside PWS,
the seasonal range of zooplankton biomass includes winter lows of about 40 mg m 3
to spring/summer highs approaching 5,000 mg m 3 (in outer Kachemak Bay, for
which a conversion of settled volumes may have been contammated by large
phytoplankton in the samples, see (Cooney 1986)

In addition to strong seasonality mn standing stocks and rates of production,
plankton communuties also exhibit predictable seasonal species succession each
year mn the ocearuc and shelf environments Over the shelf, the large diatom-
domunated spring bloom gives way to dinoflagellates and other smaller forms as
nutrient supplies diminush m late May and early June Ward (1997) described the
phytoplankton species succession mn PWS  She found that early season dommance
m the phytoplankton bloom was shared by the large chamn-forming diatoms
Skeletonema, Thalassiostia, and Chaetoceros Later in June, under post-bloom nutrient
restrichion, diatoms were domunated by smaller Rinzosolema and tiny flagellates
This seasonal shift in dominance from larger to smaller plant species m response to
declimng nutrient concentrations and supply rates 1s commonly observed in other
high-latitude systems and 1s believed to be responsible for driving the succession in
the grazing communuty

The zooplankton succession 1s somewhat more complex and mvolves
mterchanges between the ocean and shelf ecosystems In the late winter and
spring, the early copepodite stages of Neocalanus spp begm arriving in the upper
layers from deepwater spawning populations (Miller 1988, Miller and Nielsen 1988,
Miller and Clemons 1988) Thuis arrival occurs m some coastal areas (at depths of
more than 400m) 1n late February and early March, but 1s delayed about thirty days
m the open ocean Both Neocalanus spp and Eucalanus bungn are mterzonal
seasonal migrators, living a portion of their Iife cycle m the upper layers as
developing copepodites, and later resting m diapause in the deep water preparing
for reproduction at depth  While maturing in the ocearuc surface water, Neocalanus
plumchrus and N fleminger: inhabit the wind-mixed layer above the seasonal
thermocline (upper 25 to 30 m), while N cristatus (the largest of the subarctic
copepods) and Eucalanus bungu are found below the seasonal stratification (Mackas
etal 1993) This unusual partiioning of the surface ocean environment by these
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species has not yet been verified for shelf and coastal waters, although it has been
suggested that the partihorung may occur m the deep-water fjords and sounds
(Cooney unpublished)

Along with the early copepodites of the interzonal migrators, the late winter
and spring shelf zooplankton communuty also hosts small numbers of
Pseudocalanus spp , Metridia pacifica, M okhotensis, and adult Calamis mairshallae
Because these copepods must first feed before reproducing, their seasonal numbers
and biomass are set by the timing, intensity and duration of the diatom bloom By
May and early June, the abundances of small copepods like Pseudocalanis and
Acm tin are mcreasmg, but the communuty biomass 1s often dommated by relatively
small numbers of very large developmental stages (C4 and C5) of Neocalanuss
(Cooney etal 2001a) After Neocalamis leaves the surface waters m late May and
early June for diapause deep below the surface (at locations where depths permat),
Pseudocalamus, Acar i, and Centropages (small copepods), the pteropod Lumicina
pacifica, and larvaceans (Okioplers a and Fritillaria) occur m mcreasmg abundance
Later, from summer to fall and extending into early winter, carmuvorous
jellyplankters represented by ctenophores, small hydromedusae, and chaetognaths
(Sagitta elegans) become common These shifting seasonal dominants are jomned by
several different euphausuds (Euphausia and Thysanoessa) and amphipods
(Cyphocaris and Paz athemisto) throughout the year Despate the fact that the
subarctic net-zooplankton commuruty consists of a large number of different types
of arumal (taxa), most of the biomass and much of the abundance m the upper 100
m 1s accounted for by fewer than two dozen species (Cooney 1986)

7 8 3 Interannual and Decadal-Scale Variation in Plankton Stocks

Few measurements and estimates are available for year-to-year and decadal-
scale variability in primary and secondary productivity mn all marine environments
m the northern GOA (Sambrotto and Lorenzen 1986) Fortunately, some
mformation 1s available about variable levels of zooplankton stocks Frost (1993)
described mterannual changes m net-zooplankton sampled from 1956 to 1980 at
Canadian OSP Year-to-year variations mn stocks of about a factor of five were
characterstic of that data set, and a shight positive correlation with saliruty was
observed Cooney etal (2001b) exammed an 18-year
time series of zooplankton settled volumes from eastern Few measurements are avarlable

PWS collected near salmon hatcheries by the personnel of for vanability of marine
the Prince Wilham Sound Aquaculture Corporation, environment productivity in
Cordova Once agam, annual springtime differences of the northern GOA

about a factor of five were apparent in that data In
addition, from 1981 to 1991, settled zooplankton volumes in PWS were also
strongly and positively correlated with the strength of the Bakun upwelling mdex
calculated for a location near Hmchmbrook Entrance Thus correlation completely
disappeared after 1991, however (Eshnger et al 2001) Also of some mterest, the
years of lughest settled volumes in eastern PWS (1985 and 1989) were only
moderate years for zooplankton reported by Incze et al (1997) for Shehkof Strait,
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suggesting the Kodiak shelf and PWS regions were phased differently for at least
those years Sugimoto and Tadokoro (1997) report a regime shaft in the subarctic
Pacific and Bering Sea m the early 1990s that generally resulted in lower
zooplankton stocks i both regions Perhaps m response to this phenomenon,
springtime settled zooplankton volumes m PWS also declined by about 50 percent
after 1991 (Cooney et al 2001b)

The most provocative picture of decadal-scale change m zooplankton
abundance m the GOA 1s provided by Brodeur and Wazre (1992) (Figure 7 15) With
the use of spatially distributed oceanic data sets reporting zooplankton biomass
from 1956 to 1962, and agam from 1980 to 1989, these authors were apparently able
to capture large-scale properties of the pelagic production cycle during both
posttive and negative aspects of the PDO (Mantua etal 1997) A doubling of net-
zooplankton biomass was observed under conditions of mcreased winter winds
responding to an mntensified Aleutian Low (the decade of the 1980s) This
sustamned doubling of biomass was also reflected at higher trophic levels mn the
offshore food web (Brodeur and Ware 1995) It 1s generally beheved the observed
production stimulation during the decade of the 1980s was created by mcreased
nutrient levels associated with greater upwelling mn the Alaska Gyre The observed
horizontal pattern of upper layer zooplankton stocks (Figure 7 15) was an
impressive areal expansion (positive PDO) or contraction (negative PDO) Under
periods of intensified winter winds, some of the highest oceamc zooplankton
concentrations were developed m a band along the shelf edge in the northern
regions m the GOA Unfortunately, data from the shelf itself during this same time
period are not sufficient to ascertamn how this elevated biomass may have mntruded
the continental margm or reached the coastal areas

7 84 Factors Effecting Trophic Exchanges Between the Plankton
and Larger Consumers

Most would concede that the general theory of trophodynamucs articulated by
Lindeman (1942) nearly fifty years ago to represent ways mn which matter and
energy are transferred through aquatic commuruties (by dufferent levels of
producers and consumers) 1s an overly stmplstic picture of complex mteractions
and non-hnear relationships Useful in the lecture hall as a teachmg tool, and
successfully applied to certain problems where first-order estimates of production
at hypothetical levels are sought based on estimates of plankton productivity, these
formulations usually lack any dynamic connection with the physical environment
or nutrient levels They also generally fail to delmeate seasonality or other
mmportant temporal variabiity Nonetheless, because of the ease of their
applhcation and the acceptance of certain ssmphfymng assumptions (generalized
ecological transfer efficiencies and lumping taxa within trophuc levels), the linear
food-web or carbon budget approach contimues to be used for selected purposes

Bottom-up trophic models of food web structure supporting the production of
fishes, birds, and mammals m open ocean, slope, estuarine, and fjord environments
m the GOA were formulated by Parsons (1986) i a synthesis of information
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Figure 7.15 Biomass of plankton for the spring and summer period contrasted
for a negative PDO period (top) and a positive PDO period (bottom). The
shaded boxes present zooplankton biomass as follows: A represents 100 to

200 g/1,000 m3, B represents 201 to 300 g/m3, and C represents more than
300 g/m*. (Brodeur and Ware 1992)

compiled primarily as the result of the Minerals Management Service (MMS)-
funded Outer Continental Shelf (OCS) studies. More recently Okey and Pauly
(1998) developed a mass balance formulation with the Ecopath model of trophic
mass balance for a PWS food web as the result of the EVOS Restoration Program.
These models are certainly instructive at some level of generality, but their
usefulness for describing specific climate-related mechanisms that might modify
food-web transfers is probably limited by their detachment from the physical
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environment and their reliance on annually or seasonally averaged stock sizes and
productivities

Instead, 1t may be more mstructive to examine how evolved behavioral traits
and other aspects of the life histories of the dominant plankters (and other forage
taxa) lend themselves to food-web transfers that could be affected by climate
change To do this, 1t will be mportant to study how the biology at lower trophic
levels mteracts (on a variety of time and space scales) with the physical
environment to create enhanced (or dumirushed) trophac opporturuties in the
consumer matrix of different habitats and seasonal characterizations that pervade
the marine ecosystem mn the northern GOA The compressed nature of the annual
plankton production cycle in oceanuc, shelf, and coastal waters seemingly places a
premrum on “timung” as a strategy to maximize the chances for successfully linking
consumers to each year’s burst of organic matter synthesis Paul and Smuth (1993)
found that yellowfin sole replerushed their seasonally depleted energy reserves
each year 1n a short period of about one month following the peak n primary
productivity This rapid replerushment of energy reserves 1s presumably possible
because of the structural properties of forage populations that occur abundantly
during the short and intense production cycle Patch-dependent feeding 1s a term
used to describe how many consumers respond to the gramy time and space
distributions of food in thewr feeding environments (Valiela 1995) In the case of
plankters, which by definttion move with the water, temporal and spatial
patchiness can be created or dissipated through mteractions with (1) physical
processes such as vertical and horizontal transport and diffusion, and (2) biological
attributes such as rapid growth and swarming or layering in association with
feeding, reproductive behaviors, or both

For example, the more than two month maturation process for the large ocearuc
copepods (Neocalanus spp )} growing m the near-surface of the open ocean, shelf,
and some coastal environments concludes with a short period (fifteen to tharty
days) n which the biomass peaks each year, 1s concentrated m the largest (C4 and
C5) copepodites, and 1s compressed mnto relatively thin layers and swarms
contiguous for tens, possibly hundreds of km (Mackas et al 1993, Cooney 1989,
Coyle 1997, Karsch et al 2000) In 1ts most concentrated form, thus seasonally
ephemeral biomass 1s an important source of food for diving sea birds (Coyle 1997),
whales, and planktivorous fishes such as adult Alaska pollock and Pacific herrmg
(Willette et al 1999) Acoustic observations suggest the degree of plankton
swarnung or layering depends, m part, on the strength of water column mixing
and stability Numerical models of the production cycle in PWS demonstrated that
mterannual variations m the timing of the annual peak n zooplankton probably
reflects differences in the iming of the earlier phytoplankton bloom each year
Eshnger et al (2001) reported that the spring diatom bloom varied by as much as
three weeks from year to year mn PWS, but that the annual peak m zooplankton
always lagged the plants by about twenty-five to thuty days Year-to-year shufts of
a week or more m the peak of zooplankton biomass may profoundly mnfluence the
effectiveness of food-web transfers to fishes, birds, and other consumers with
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severe consequences Pacific herrmng have apparently evolved a reproductive
strategy to place age-0 juveniles in the water column precisely at the time of the
mid-summer peak m plankton forage Failure to successfully provision themselves
by nussing the most optimal summer feeding conditions may contribute to high
rates of winter starvation for age-0 herring in PWS (Cooney et al 2001b)

In another example, Cooney (1983) reported a possible imnteraction between the
movements occurring over the Iife cycle of large oceanic calanoid zooplankton,
ontogentic nugrations and an enrichment of feeding habitats for fishes, birds, and
mammals over the shelf forced by localized convergences m the late winter and
spring months As previously mentioned, Neocalanis spp arrive in the surface
waters of the deep ocean mn March and April each year Early copepodite stages are
presumably carried across the shelf in the wind-forced Ekman flow (upper 60 to 90
m) where they eventually encounter zones of surface convergence (Cooney 1986)
Neocalanus spp 1n the shelf environment depends on the spring diatom bloom for
growth and maturation Because the developing copepodites have an affinty for
the upper layers where the phytoplankton production occurs (Mackas et al 1993),
they may be able to counteract regions of downwelling and convergence by
continuing to nugrate upward m these zones (a few tens of m per day at most)
Where they successfully detach themselves from the downwelling water,
populations advected shoreward into convergences (possibly m the frontal region
of the ACC) will accumulate These zones of high copepod (and perhaps other
taxa) biomass should represent regions of potentially high trophic efficiency for
planktivores built and mamntained for a few weeks by wind-forced horizontal and
vertical transport

In a related exercise, Cooney (1988) calculated that nearly 10 mullion metric tons
of zooplankton could be mtroduced to the shelf annually over 1,000 km of coasthne
m the northern GOA by the wind-forced shoreward Ekman transport each year If
only a portion of this biomass 1s retamed m shelf and coastal food webs, the “lateral
mput” of ocean-derived zooplankton (much of 1t represented by the large
mterzonal calanoids) may partially explain how the seasonally persistent
downwelling shelf sustamns the observed hugh annual production at hugher trophic
levels Kline (1999a), m studies of carbon and rutrogen 1sotopes of zooplankton
sampled n PWS, found that 50 percent or more of the diapausmg Neocalanus
cristatus overwmtermg m the deep water origmated from populations outside PWS
each year Smilar 1sotopic signals in herring and other coastal fishes seem to
confirm a partial role for the bordermng ocean in “feeding” at least some coastal
habitats

Coyle (1997) described the dynamics of Neocalanus cristatus in frontal areas
along the northern and southern approaches to the Aleutian Islands In regions
near water column mstabilities that fostered nutrient exchange for nearby stratified
phytoplankton populations, these large oceanic copepods occurred along
pycnoclines m subsurface swarms and layers that were 1n turn attractive feeding
sites for diving least auklets These trophic associations (observed acoustically)
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formed and dissipated in response to weather and tidal modified forcing of the
waters over the shelf north and south of the Aleutian Islands

Karsch et al (2000) described dense layers (10 to 20 m in vertical extent) of C4
and C5 Neocalanus plumchrus, N flenunger1, and Calanus marshalle in the upper 50 m
of PWS that serve as seasonally mportant feeding zones for adult Alaska pollock
and Pacific herring  Swarming behavior n the upper layers by these copepods,
responding to the distribution of theur food 1n the euphotic zone, compresses
Neocalanus mto layers stretching for tens of km that a1e 1eadily located and utiized
by planktivores Other observations at the tume found the layers of copepods wete
absent or only weakly developed mn areas with high muxang energy like outer
Montague Strait

Diel migrations of many taxa bring deep populations into the surface waters
eachrught The large bodied copepod Metridia spp and many Pacific euphausuds
(Euphausia and Thysanoessa) represent zooplankters that undergo substantial daily
mugrations from deep to shallow waters at raght A variety of reasons have been
proposed for this behavior (Longhurst 1976) Regardless of the “why,” vertically
mugrating populations that build local concentrations near the sea surface during
darkness represent another way that behavioral traits are responsible for creating
patchiness that may enhance trophic exchange Cooney (1989) and Stockmar (1994)
studied diel and spatial changes m the biomass of net-zooplankton and
mucronekton m the upper 10 m of the open ocean and shelf habitats in the northern
GOA They found a consistent enrichment of biomass m the surface waters at mught
caused by Metridia pacifica and several different euphausuds that often exceeded
daylight levels by a factor of five or six

Springer, et al (1996) make a strong case for the enhancement of primary and
secondary productivity along the shelf edge of the southeastern Bermg Sea Citing
tidal mixmg, transverse curculation, and eddies as mechanisms to increase nutrient
supples, this so-called “greenbelt” 1s described as 60 percent more productive than
the outer-shelf environment and 270 percent more productive than the bordering
deep ocean Earhier, Cooney and Coyle (1982) documented the presence of a high-
density band of upper-layer zooplankton along the shelf edge of the eastern Bering
Sea Comprised primarily of Metiidia spp , Neocalanus spp , and Eucalanus bungi,
this narrow zone of elevated biomass 1s apparently also a part of the greenbelt
Although these features have yet to be described for the northern GOA, the present
North Pacific GLOBEC study (Weingartner 2000) 1s morutoring primary
productivity and zooplankton stocks along cross-shelf transects that should
mtercept a shelf-edge greenbelt if one 1s present in the northern GOA

Fmally, meso and large-scale eddy formation over the shelf and slope regimes
may also mfluence the patchiness of plankton m ways that could be susceptible to
changing climate forcing A permanent feature (eddy) in the coastal water west of
Kayak Island 1s often visible because of entrained sediment from the Copper River
Formed by a branch of the ACC, this eddy may help concentrate plankton
populations of the upper layer m ways that could later influence PWS (Reed and
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Schumacher 1986) Vaughan etal (2001) and Wang (2001) describe surface eddies
m the central region of PWS with implhications for the transport and retention of
icthyoplankton These eddies (cycloruc and anticyclonic) are beheved to form mn
response to seasonal changes i freshwater outflow and wind forcing Large-scale
coastal and shelf eddies apparently form near Sitha and propagate north and west
around the periphery of the GOA (Musgrave et al 1992) Smmilar features on the
east coast of the United States have been shown to be long-hved (many months)
and capable of sustaming uruque biological assemblages as they move through
tume and space These same characteristics are also expected for the northern GOA

785 Climate Forang of Plankton Production in the Guif of Alaska

A major challenge for the GEM Program will be to eventually produce a
detailed understanding of lower trophic level processes that arise through
biological mteractions with the spatially distributed geological and physical
properties of the northern GOA This evolving understanding must take mnto
account the flow-through nature of the northern and eastern regions-downstream
from southern Southeast Alaska and Northern Canada (through the ACC) and also
downstream from portions of the southern oceanic Subarctic and Transition Zone
domains (through the North Pacific and Alaska currents) The “open” condition
places mcreasing importance on understanding levels of plankton mports (from
the south) and exports (to the west) n the periphery of the GOA affected by the
ACC (Napp et al 1996) and shelf-break flows (Alaska Current and Alaska Stream)
It will also be necessary to understand the effects that the open ocean gyre may
exert on shelf and coastal plankton stocks and their seasonal and annual
production withm the northern GOA Here too the import (or export) of nutrients,
organic detritus, and hving plankton stocks to (or from) the shelf must be evaluated
under different conditions of chmate and weather

The picture that emerges from the aggregate of previous and ongomng plankton
studies portrays a large oceanic ecosystem forced strongly by physical processes
that are meteorologically driven Physical processes such as deep and shallow
currents, large-scale and locahzed upwelling and downwelling, seasonally phased
precipitation, and runoff may bring about changes m the ecosystem. The
reproduction, growth and death processes of the plants and arumals of the oceanic
ecosystem appear to be responding primarily to marked seasonality and
mterannual and longer-period shifts in the mtensity and location of the winter
Aleutian Low Increased upwelling mn the offshore Alaska Gyre may promote
higher rates of nutrient renewal 1n the oceanic surface waters with attendant
mcreases 1n primary and secondary productivity Elevated wind-forcing probably
accelerates the transport of upper-layer oceanic zooplankton shoreward to the shelf
edge and beyond The frequency and degree to which this ocean-derived biomass
“feeds” the food webs of the contmental shelf and coastal areas will depend, in
part, on biological mteractions with a large array of physical processes and
phenomena Processes and phenomena active in regions of horizontal and vertical
currents associated with oceanographic fronts, eddues, coastal jets, shelf-break
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flows, and turbulence are expected to have a strong mnfluence on the movement of
ocean biomass onto the shelf and coastal areas The actual effect of such processes
and phenomena on distribution of oceanic biomass also depends on responses of
plankton production to changes 1n levels of freshwater runoff in these regions, and
on the seasonal and longer cycles in temperature and salimuty Specific mechanisms
by which surface zone nutrient levels are cycled and mamtained in the variety of
different habitats that compose the open shelf and rugged coastal margins must be
understood i much greater detail to be useful to the overall GEM nmussion

It seems hikely that the sophisticated understanding sought by the GEM
Program of clmate mnfluences on the coupled nutrient and plankton production
regimes that support selected consumer stocks may have to come from studies that
abandon the practice of lumpmg taxa withun broad ecologically functional units,
and mstead focus on “key species ” Fortunately, the subarctic pelagic ecosystem
(oceanuc, shelf, and coastal) 1s donmunated by a relatively small number of plankton
species that serve as major conduits for matter and energy exchange to higher-level
consumers each year In the case of the zooplankton, fewer than fafty species
within a handful of major taxa comprise 95 percent or more of the abundance and
biomass throughout the year Because of thus pattern of dommance, and further
because of the different Iife history strategies employed by these species, a more
comprehensive understanding of their ecological roles 1s both necessary and
feasible A decision to conduct dominant species ecology must be understood at all
levels of the study so that, for mstance, techrucians conducting future stomach
analyses of fishes, birds, or mammals will report not just “large copepods and
amphipods,” but rather Neocalanus cristatus and Par athenusto hibellula  This nuance
holds particular importance for future modelers working on numerical
formulations that mnclude “plankton ” Without this degree of specificity, 1t 1s
unlikely that further (field and numerical) studies will forge the understanding of
lower trophic level function sought by the GEM Program m the northern GOA

Because the GOA covers a vast and diverse area,

7.9 Nearshore its benthic communities exhibit tremendous
Benthic variation (Feder and Jewett 1986) As m any
Communities marine benthic system, however, the composition,

functiorung, and dynamics of the GOA benthic
communities change predictably with certam umversally important variables The
most mmportant two environmental variables are water depth and substratum type
(Rafaelll and Hawkins 1996) The following depth zones are typically
distinguished

=  The mtertidal zone,

» The shallow subtidal zone (bounded by depth of light penetration sufficient
for photosythesis of benthic algae),
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= The continental shelf (to about 200 m), and
= The contmental slope (from 200 to 4,000 m)

The most fundamental substratum distinctions are hard bottom (rocks, boulders,
cobbles) and soft bottom (mobile sedimentary habatats Iike sands and muds)
Within these two types, geomorphology varies substantially, with biological
mphcations that often nduce further habitat partiiorung (Page et al 1995,
Sundberg et al 1996)

Understandmg of community composition and seasonal dynamucs of GOA
benthos has grown dramatically over the past thirty years, with two distinct pulses
of research First, in contemplation of exploration and development of the o1l and
gas resources of the region, the MMS, NOAA NMFS, and Alyeska Consortrum
funded geographically focused benthic survey and monitormg work m the 1970s
Thus work provided the first windows mto the quantitative benthic ecology of the
region Focus was most mtense on lower Cook Inlet, the Aleutian Islands, the
Alaska Penmsula, Kodiak Island, and northeast GOA, mcluding the Valdez Arm m
PWS (Rosenberg 1972, Hood and Zimmerman 1986) The second phase of growth
m knowledge of the benthos of the GOA region was triggered by the EVOS 1n 1989
This work had broad geographic coverage of the rocky intertidal zone The area
recerving the most mtense study was PWS, where the spill onigmated Geographic
coverage also mcluded two other regions, the Kenai Peninsula-lower Cook Inlet
and the Kodiak archipelago-Alaska Penunsula (Page et al 1995, Gilfillan et al
1995a, Gilfillan et al 1996b, Fighsmuth et al 1994b, Highsmith et al 1996,
Houghton et al 1996a, Houghton et al 1996b, Sundberg et al 1996) Some of this
benthic study following the o1l spill was conducted m other habitats (soft substrata
[Driskell et al 1996]) and at other depths (shallow and deep subtidal habitats
(Houghton et al 1993, Armstrong et al 1995, Dean et al 1996a, Dean et al 1996b,
Dean et al 1998, Dean et al 2000, Feder and Blanchard 1998, Jewett et al 1999)
Herring Bay on Krught Island mn PWS was a site of especially intense montormg
and expermmentation on rocky intertidal communties following the o1l spill (van
Tamelen et al 1997)

791 Intertidal Communities

The mtertidal habitat 1s the portion of the shoreline in between the high and
low (0 0-m datum) tide marks This mtertidal zone occupies the uruque triple
mterface among the land, sea, and air The land provides substrate for occupation
by mtertidal orgarusms, the seawater the vehicle to supply necessary nutrients, and
the air a medrum for passage of solar energy, yet a source of physical stresses
(Connell 1972, Underwood and Denley 1984, Peterson 1991) Interfaces between
separate systems are locations of typically high biological activity As a triple
mterface, the intertidal zone 1s exceptionally rich and biologically productive
(Ricketts and Calvin 1968, Leigh et al 1987) Wind and tidal energy combine to
subsidize the intertidal zone with planktonic foods produced mn the photic (sun-lit)
zone of the coastal ocean Runoff from the adjacent land mass injects new supphies
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of morganic nutrients to help fuel coastal production of benthuc algae, although
such runoff m Alaska 1s typically nutrient-poor and can be very turbid (Hood and
Zimmerman 1986) The consequent abundance and diversity of Iife and Iife forms
m the mtertidal zone serves many mmportant consumers, coming from land, sea,
and air, and mcluding humans The aesthetic, economuc, cultural, and recreational
values of the intertidal zone and 1ts resources augment its sigruficance, especially in
the GOA region (Peterson 2001)

The biota of mtertidal habitats varies with changes i physical substrate type,
wave energy regime, and atmospheric chimate (Lubchenco and Gaines 1981)
Substrata in the GOA mtertidal zone differ as a function of size, ranging from
mmobile rock walls and platforms, to boulders and cobbles, to gravel, to sands,
and fmally to muds at the finest end of this particle-size spectrum Rock surfaces m
the mntertidal zone are populated by epibiota, which are most commonly attached
macro- and nucroalgae, sessile, or immobile, suspension-feeding mvertebrates, and
mobile grazing invertebrates, as well as predatory seastars and gastropods (Connell
1972, Rafaell1 and Hawkins 1996) Unconsolidated (soft) substrata~the sands and
muds-are occupied by large plants m low-energy environments, such as marshes,
and mucroalgae and infaunal (buried) mvertebrates mn all energy regimes (Peterson
1991) Mobile scavenging and predatory mvertebrates occur on both types of
substratum Intertidal commurnuties vary with wave energy because of
biomecharucal constraimnts (especially on potentially significant predators),
changing levels of food subsidy, and interdependencies between wave energy and
substratum type (Leigh et al. 1987, Denny 1988) Intertidal communities tend to be
most luxurious i temperate climates, 1ce scour and turbid fresh water limat
mtertidal biota at high latitudes such as those i the eastern GOA  The rocky
mtertidal communities of the Pacific Northwest, mcluding the rocky shores of
1slands in the GOA region, are hughly daverse, although less so than those in
Washington These commurnuties are also productive, although hmuted by
disturbance of winter storms and reduced solar msulation (Bakus 1978)

The rocky mtertidal ecosystem may represent the best understood natural
commuruty of plants and animals on earth Ecologists realized more than forty
years ago that this system was uruquely well suited to experimentation because the
habitat was accessible and basically two-dimensional and the organisms were
manipulable and observable Consequently, ecological science has used
sophusticated experimental manipulations to produce a detailed understanding of
the complex processes mvolved m determining patterns of distribution and
abundance of rocky mtertidal organisms (Paine et al 1996, Dayton 1971, Connell
1972, Underwood and Denley 1984) Plants and arumals of temperate rocky shores
exhibit strong patterns of vertical zonation in the mtertidal zone Physical stresses
tend to Lumut the upper distributions of species populations and to be more
mmportant higher onshore, competition for space and predation tend to limat
distributions lower on the shore Surface space for attachment 1s potentially
Limuting to both plants and arumals mn the rocky mntertidal zone In the absence of
disturbance, space becomes miting, and competition for that limited space results
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m competitive exclusion of inferior competitors and monopohzation of space by a
competiive dommnant Physical disturbance, biological disturbance, and
recruztment himtation are all processes that can serve to mamntam densities below
the level at which competitive exclusion occurs (Menge and Sutherland 1987)
Because of the importance of such strong biological mteractions m determming the
commumnity structure and dynanucs m this system, changes m abundance of certamn
Keystone species can produce mntense direct and mdirect effects on other species
that cascade through the ecosystem (Menge et al 1994, Wootton 1994, Menge 1995,
Paine et al 1996)

Intertidal communuties occupying unconsohdated sediments (sands and muds)
are quite different from those found on rocky shores (Peterson 1991) These soft-
bottom communities are composed of mfaunal (buried) mvertebrates, mobile
microalgae, and abundant transient consumers, such as shorebirds, fishes, and
crustaceans (Rafaelh and Hawkins 1996) Macroalgae are sparse, and are found
attached to large shell fragments or other stable hard substrata In very low energy
environments, large plants, such as salt marsh grasses and forbs high on shore and
seagrasses low on shore, occur m mtertidal soft sediments (Peterson 1991) The
large stretch of intertidal soft-sediment shore i between those vegetated zones has
an empty appearance, which 1s misleading The plants are microscopic and
productive, the invertebrate anumals are buried out of sight The soft-bottom
mtertidal habitat represents a critically important feeding ground, especially for
shorebirds, because the flat topography allows easier access than 1s provided by
steep rocky coasts and because mvertebrates without heavy protective calcrum
carbonate shells are common, particularly polychaetes and amphipods (Peterson
1991)

The mtertidal shorelines of the GOA exhibit a wide range of habitat types True
soft-sediment shores are not common, except n Cook Inlet Marshes, fine-grained
and coarse-gramned sand beaches, and exposed and sheltered tidal flats represent a
small fraction of the coastlne mn the GOA Sheltered and exposed rocky shores,
wave-cut platforms, and beaches with varymg mixtures of sand, gravel, cobble, and
boulders are the dominant habitats in this region (Page et al 1995, Sundberg et al
1996) Abundance, biomass, productivity, and diversity of mtertidal communities
on the shores of the eastern GOA with nearby glaciers are depressed by proxunuty
to sources of runoff from glacier ice melt The 1slands m PWS and the Aleutian
Islands, for example, have richer mtertidal commuruties than the mamland of the
northeast GOA, and the mtertidal commumities of Kodiak and Afognak tend to be
richer than those of the Shelikof Strait mamland on the Alaska Peninsula (Bakus
1978, Highsmith et al 1994b) Glacier ice melt depresses mntertidal biotic
communities by mtroducing turbidity and freshwater stresses

Winter 1ce scour seasonally denudes epibiota along the Cook Inlet shores
(Bakus 1978) Intense wave exposure can cause substratum mstability on mtertidal
cobble and boulder shores, thereby removing intertidal epibiota directly through
abrasion (Sousa 1979) Shores with well rounded cobbles and boulders have
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accordingly poorer intertidal biotas than those with reduced levels of physical
disturbance Bashing from logs also represents an agent of disturbance to those
rocky shores exposed to mtense wave action mn this region (Dayton 1971)
Consequently, exposed rocky coastlines may experience more seasonal fluctuations
m epibiotic coverage than communities on similar substrata m protected fjords and
embayments (Bakus 1978)

The rocky mtertidal shores of the spill area exhubut a typical pattern of vertical
zonation, although the particular species that domunate vary m mpozrtance as a
function of changing habitat conditions (Highsmith et al 1996, Houghton et al
1996a, Houghton etal 1996b) Vertical zonation on mtertidal rocky shores 1s a
universal feature, caused by a combmation of direct and mdurect effects of height-
specific duration of exposure to air (Pame 1966, Connell 1972)

The uppermost intertidal zone on rocky shores of the GOA 1s characterized by
a dark band of the alga Verruccaria The rockweed (Fucus gar dnert) domunates the
upper mntertidal zone, which also mncludes two common barnacles (Balans glandula
and Chthamalus dall1), two abundant limpets (Tectur a persona and Lotta pelta), and
the pertwinkle (Littorina sitkana) (SAI1980, Hood and Zimmerman 1986, Highsmith
etal 1994b)

The nuddle mtertidal zone commonly has even hugher cover of Fucus, along
with beds of blue mussels (Mytilus t ossulus), the pertwinkle (Littorina scutulata),
barnacles, and the predatory drilling snail (Nucella lamellosa and N lima) (Carroll
and Highsmith 1996) In the low mtertidal zone, a red alga (Rhodymenia palmata)
often 1s domuinant, although mussel beds often occupy large areas and the grazing
chatons (Katharina turicata, Mopala mucosa, and Tomcella ineata) and predatory
seastars (Leptasterias heaactis and others) occur here (SAI 1980, Highsmuth et al
1994b) The blue mussel 1s a very sigruficant member of this commurnuty because 1t
1s a potential competitive dominant (VanBlaricom 1987) and because 1ts byssus and
between-shell mterstices provide a protected habrtat for a diverse suite of smaller
mobile mvertebrates, mcluding 1sopods, amphipods, polychaetes, gastropods, and
crabs (Suchanek 1985)

Abundances of rocky mtertidal plants and arumals m the GOA are controlled
by the same suite of factors that affect rocky shore abundances and dynamics
elsewhere, especially in the Pacific Northwest Physical factors, such as wave
action from winter storms, exposure to air high on shore, ice scour, and low saliruty
and turbidity from glacial and land runoff, have important effects on wave-
exposed areas (Dayton 1971, Dayton 1975, Bakus 1978)

Biological controls also exert significant mfluences Probably the most
significant of these likely controlling factors for intertidal biota are predation and
recruitment hmitation Predation by seastars 1s an important control of
mvertebrate prey population abundances and, therefore, of commuruty
composition low on mtertidal rocky shores (Pame 1966, Dethier and Duggins 1988)
Because blue mussels are typically the preferred prey and represent the dominant
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competitor for potentially hmited attachment space, this predation by seastars has
mportant cascading effects of enhancmg abundances of poorer competitors on the
rock surfaces (Pame 1966) Predation by gastropods occasionally helps control
mussel abundances (Carroll and Highsmith 1996) and barnacle populations higher
on shore in the GOA (Ebert and Lees 1996) Shorebird predation, especially by
black oystercatchers, 1s also known to limit abundances of hmpets on horizontal
rock surfaces of the Pacific Northwest mtertidal zones, and this process can be
readily disrupted by human mterference with the shy shorebirds (Lindberg et al
1998) The presence of numerous strong biotic interactions m this rocky mtertidal
commuruty of the GOA led to many mdirect effects of the EVOS i this system
(Peterson 2001) Because of the mfluence of current flows and mortality factors
such as predation in the water column, larval recruitment can also limat population
abundances of marme mvertebrates on mtertidal rocky coasts (Games and
Roughgarden 1987, Menge and Sutherland 1987) Wath a short warm season of
high production n the GOA, the potential for such recruitment limitation seems
high, but process studies to characterize and quantify thus factor have not been
conducted mn the GOA Changes i primary production, water temperature (and
thus breeding season), and physical transport dynamucs associated with regional
chimate shifts could reasonably be expected to regulate the mntensity of recruitment
Imitation on some rocky shores in the GOA

The consequences of change caused by various natural and human-driven
factors on the structure and dynamucs of the rocky mtertidal communuties are not
well developed 1n the scientific Iiterature For example, human harvest by fisheries
or subsistence users of important apex predators that exert top-down control on
mtertidal communities could cause substantial cascading effects through the
system But the seastars and gastropods that are the strong predatory mnteractors mn
this communuty m the GOA region are not targets for harvest The mussels that are
taken in subsistence harvest provide important ecosystem services as structural
habatat for small nvertebrates (Suchanek 1985), as a domunant space competitor
(Pame 1966), and as a widely used prey resource (Peterson 2001), but mussels do
not appear lmited i abundance i the GOA region

Oceanographic processes related to chmate change, exther natural or human-
driven through global warming, have the potential to either enhance or reduce
recruttment of component mnvertebrate species of the rocky mtertdal commuruties,
but studies of the connections between coastal physical dynamics and shorelne
communuties are 1n their infancy (Caley etal 1996) Perhaps the best documented
driver of change in composition and dynamucs of rocky mtertidal communities 1s
the impact of o1l spills The cleanup treatments after the spill, either dispersants
(Southward and Southward 1978) or pressurized washes (Mearns 1996), have far
more sertous mpacts than the ol itself Because of the important strong
mteractions among species in rocky shore communities, the multiple indirect
effects of o1l spills on this system take about a decade to work thewr way out of the
system (Southward and Southward 1978, Peterson 2001) Intensive sampling and
experumental work on rocky intertidal commuruties on sheltered shores m PWS
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following the EVOS make this region data-rich relative to most other Alashan
shores

Intertidal soft sediments m the spill region of the GOA typically possess lower
biomass of macroalgae and mvertebrates than corresponding rocky shores at the
same elevations (SAI 1980, Highsmuth et al 1994b) The taxonomuc groups that
dominate intertidal soft bottoms are polychaete worms, mollushs (especially
bivalves), and amphipods (Drishell et al 1996) Sandy sediments have higher
1epresentation by suspension-feeding invertebrates, whereas finer, muddy
sediments are domumated by deposit-feeding species (Bakus 1978, Feder and Jewett
1986) Intertidal sandy beaches are habitat for several large suspension-feeding
clams mn the GOA that represent important prey resources for many valued
consumers and that support commercial, recreational, and subsistence harvest
(Feder and Kaiser 1980) Most important are the hittleneck clam (P1otothaca
staminea), the butter clam (Saxidomus giganteus), the razor clam (Sthqua patula), the
cockle (Chinocar duun nuttalln), the pmk-neck clam (Spisula polynyma), the gapers
(Tresus nuttalln and T capaxr), and others (Feder and Paul 1974) In mudflats, such
as those along the shores of Cook Inlet, dense beds of a deposit-feeding clam,
Macoma baltiica, and the soft-shell clam (Mya arenaria) frequently occur (Feder et al
1990) These two relatively soft-shelled clams are significant food resources for
many seaducks, and the hard-shelled clams are important prey for sea otters
(Kvitek and Oliver 1992, Kvitek et al 1992), black and brown bears (Bakus 1978),
and several mvertebrate consumers Intertidal soft-bottom habatats are also
mportant feeding grounds for shorebirds and for demersal (deep-water) fishes and
crustaceans (Peterson 2001) In addition to macrofaunal mvertebrates, smaller
meilofaunal mvertebrates are abundant on intertidal sedimentary shores
Macrofauna describes arumals that are retamed on a 0 5-mm mesh, melofauna
refers to arumals passing through a 0 5-mum mesh but retamed on 0 06-mm mesh,
and microfauna are anumals smaller than 0 06 mm Nematode worms and
harpacticoid copepods are the most common meofaunal taxa m the GOA region
(Feder and Paul 1980b) Harpacticoids serve an important role m the coastal food
chamn as prey for juvenile fishes, includmg salmoruds (Sturdevant et al 1996)

Little information exists on the dynamucs of long-term change m structure and
composition of mntertidal commuruties in soft sediments anywhere Some of the
best understanding of important processes actually comes
from the northern GOA region The Alaska earthquake of

The intertidal habitats of the GOA 1964 had a tremendous influence on soft-sediment
are critically important feeding  mtertidal communities because of the geomorphological
grounds for marne, terrestrial,  modifications of habitat (NRC 1971) Uplft of the shoreline

and avian consumers around Cordova, for example, was great enough to elevate

the sedimentary shelf habitat out of the depth range that
could be occupied by many species of clams Clam populations n Cordova, a town
once called the clam capital of the world, have never recovered from the
earthquake The re-invasion of sea otters has similarly caused tremendous changes
m clam populations i shallow soft-sediment commurties of the northern GOA,
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mostly i subtidal areas, but also mn mntertidal sedimentary environments (Kvitek et
al 1992)

Human impacts can cause change m soft-sediment mtertidal commumnuties as
well Probably the most common means by whach human activities modify soft-
sediment communuties m mtertidal habtats 1s through alteration of sediments
themselves The application of pressurized wash after the EVOS, for example,
eroded fine seduments from mtertidal areas (Driskell et al 1996) and may be
responsible for long delay m recovery of clams and other mvertebrates because of a
slow return of sediments (Coats et al 1999, Shugenaka et al 1999) Addition of
organic enrichment can stimulate growth, abundance, and production of
opportunistic infaunal mvertebrates such as several polychaetes and oligochaetes
m mntertidal sediments Such responses were documented following the EVOS
(Gifillan et al 1995a, Jewett et al 1999), presumably because the o1l itself
represented organic enrichment that entered the food chain through enhanced
bacterial production (Peterson 2001) Other types of orgaruc enrichment, such as
biochenucal oxygen demand in treated wastewater from murnucipal treatment
facilities or industrial discharges, can create these same responses Deposits of
toxic heavy metals from mming or other mdustrial activities and of toxic synthetic
organic or natural orgamc contaminants, like PAHs m o1l, can cause change i
mtertzdal benthic commurities by selectively removing sensitive taxa such as
echmoderms and some crustaceans (Jewett et al 1999)

Intertidal communities are open to use by consumers from other systems The
great extent and importance of this habitat as a feeding grounds for major marine,
terrestrial, and aerial predators render the mntertidal system a key to mtegrating
understanding of the function m the entire coastal ecosystem (Peterson 2001) The
mtertidal habitats of the GOA are critically important feeding grounds for many
mmportant consumers

* Marme-sea otters, juvenile Dungeness and other crabs, juverule shrimps,
rockfishes, cod, cutthroat trout, and Dolly Varden char in summer, and
juvenule fishes of other stocks exploited commercially, recreationally, and
for subsistence, mcluding pmk and chum salmon,

=  Terrestrial-brown bears, black bears, river otters, Sitka black-tailed deer,
and humans, and

» Avian-black oystercatchers and other shorebirds, harlequin ducks, surf
scoters, goldeneyes, and other seaducks, and bald eagles

Intertidal gravels m anadromous streams are important spawning grounds
for pmk salmon, especially mn PWS Therefore, the mtertidal habitat provides
vital ecosystem services m the form of prey resources, spawnung habitat, and
nursery, as well as human services in the form of commercial, recreational, and
subsistence harvest of shellfishes and aesthetic, cultural, and recreational
opporturuties In short, a habitat that represents only a small fraction of the
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total area of the seafloor may be the most valuable for the services it provides to
the coastal ecosystem and to humans

79 2 Subtidal Communities

The subtidal habitat 1s the portion of the seafloor found at depths below the low
tide (0 0 m datum) mark on shore This habitat includes a relatively narrow band
of shallow subtidal bottom at depths mn the photic zone (the zone penetrated by
Light), where plants can live, and a la1ge area of unlit seafloor, the deep subtidal
bottom extending across the contimental shelf and slope to depths of 4,000 m 1 the
GOA (Fedet and Jewett 1986) The depth to which sufficient light penetrates to
support photosynthesis and the slope of the subtidal seafloor determine the width
of the shallow subtidal zone Along a tectonic coastlme like the GOA, depth
gradients are typically steep In addition, myection of turbidity from glacier ice
melt along the coast reduces hight penetration through the seawater These factors
combme to produce a shallow subtidal zone supporting benthic plant production
m the region of the spill that 1s very narrow Consequently, the vast majority of the
subtidal ecosystem, the deep subtidal area on the continental shelf and slope,
depends on an energy subsidy 1n the form of mputs of orgamc matter from other
marme and, to some small extent, even terrestrial habitats These organic nputs
mclude most importantly detritus from production of mntertidal seaweeds and from
shallow subtidal seagrasses, seaweeds, and kelps, as well as particulate mputs from
phytoplankton, zooplankton, and zooplankton fecal pellets sinking down from the
photic zone above to settle on the seafloor In addition, the carcasses of large
anumals such as whales, other marine mammals, and fishes occasionally sink to the
bottom and provide large discrete packages of detritus to fuel subsequent microbial
and arumal production in the deep subtidal ecosystem

Although narrow, the shallow subtidal zone i which primary production does
occur 1s of substantial ecological sigmficance Many of these vegetated habutats,
especially seagrass beds, macrophyte beds, and kelps, provide the followmng-

1 Nursery grounds for marine animals from other habitats,
2 Umque habitat for a resident commuruty of plant-associated anumals,

3 Feeding grounds for important consumers, including marme mammals,
seaducks, and many fishes and shellfishes, and

4 A source of primary production for export as detritus to the deeper unlit
seafloor ecosystem (Schiel and Foster 1986, Duggmns et al 1989)

In the spill area, eelgrass (Zoster a marina) beds are common in shallow
sedimentary bottoms at the margins of protected embayments (McRoy 1970),
whereas on shallow rocky subtidal habitats, the kelps Agarum, Laminaria, and
Nereocystis form dense beds along a large fraction of the coast (Calvin and Ellis
1978, SA11980, Dean et al 1996a) Productivity estimates in wet weight for larger
kelps Nereocystis and Lamnaria in the northeastern GOA range up to 37 to
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72 kg/m2/yr (O'Clair and Zimmerman 1986) In this shallow subtidal zone,
primary production also occurs m the form of single-celled algae These microbial
plants nclude both the phytoplankton in the water column and benthic microalgae
on and i the sediments and rocks of the shallow seafloor Both the planktonic and
the benthic microalgae represent ecologically important food sources for
herbivorous marme consumers The typically high turnover rates and high food
value of these mucroalgal foods m the shallow subtidal zone helps explam the high
production of nvertebrate and vertebrate consumers mn this environment

The sessile o1 slow-moving benthic mvertebrates on the seafloor 1epresent the
bulk of the herbivore trophic level m the subtidal ecosystem This benthic
mvertebrate fauna mn the shallow subtidal zone differs markedly as a function of
bottom type (Peterson 1991) Rocky bottoms are inhabited by epifaunal benthic
mvertebrates, such as sponges, bryozoans, barnacles, anthozoans, turucates, and
mussels Sand and mud bottoms are occupied largely by infaunal (buried)
mvertebrates, such as polychaete worms, clams, nematodes, and amphipods The
feeding or trophic types of benthic mvertebrates vary with environment, especially
with current flow regime (Rhoads and Young 1970) Under more rapid flows, the
benthos 1s dominated by suspension feeders, ammals extracting particulate foods
out of suspension in the water column Under slower flows, deposit feeders
dommate the benthos, feeding on organic materials deposited on or mn the seafloox
The benthos also mcludes some predatory mvertebrates, such as seastars (for
example, leather star, Der masterias imbricata, and sunflower star, Pycnopodia
helianthowdes), crabs (for example, helmet crab, Telmessus chen agonus), some
gastropods, and some scavenging mvertebrates (Dean et al 1996b) Benthic
mvertebrates of soft sediments are distinguished by size, with entirely different
taxa and even phyla occurring m the separate size classes Macrofauna mclude the
most widely recogruzed groups such as polychaete worms, clams, gastropods,
amphipods, holothurians, and seastars (Hatch 2001, Driskell et al 1996)

Meiofauna mnclude most prommently m the GOA nematodes, harpacticord
copepods, and turbellarians (Feder and Paul 1980b) Finally, microfauna mclude
most prominently foraminifera, cihates, and other protozoans Because the actual
species composition of the benthos changes with water depth, the shallow and
deep subtidal benthic faunas in the spill zone hold few species m common Soft-
sedimment communuties of Alaska are best described and understood m various
locations within PWS, as a consequence of the mntense
study after the o1l spill

Predation and biogenic habitat
The shallow subtidal rocky shores that are vegetated nfluence the shallow subtidal

also mclude suites of benthic mnvertebrates unique to community on rocky shores
those systems These benthic mnvertebrates either directly of the GOA
consume the large plants, such as sea urchins, or else are
assoclated with the plant as habitat Those species that
depend upon the plant as habatat, such as several species of amphipods, crabs and
other crustaceans, gastropods, and polychaetes, often are grazers as well, taking
some mixture of macrophytic and epiphytic algae in their diets Grazing by sea
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urchins on kelps 1s sufficiently mtense in the absence of predation on the urchins,
especially by sea otters m the spill area, to create what are known as “urchin
barrens” m which the macrophytic vegetation 1s virtually removed from the
seafloor (Estes and Palmisano 1974, Sumenstad et al 1978) In fact, this shallow
subtidal commuruty on rocky shores of the GOA represents the best example n all
of marme ecology of a system controlled by top-down predation Sea otters control
abundance of the green sea urchin, Strongylocentiotus dioebaclhiensis When released
from that otter predation, sea urchin abundance mcreases to create fronts of urchins
that overgiraze and denude the kelps and other macroalgae, leaving only crustose
forms behind (Smenstad et al 1978) Thus loss of macroalgal habitat then reduces
the algal associated mvertebrate populations and the fishes that use the vegetated
habitat as nursery These reductions mn turn can influence productivity and
abundance of piscivorous seabirds (Estes and Palmisano 1974) Recently, reduction
of traditional marmme mammal prey of killer whales has mduced those apex
consumers to switch to eating sea otters in the Aleutians, thereby extending this
trophic cascade of strong mteractions to yet another level (Estes et al 1998, Estes
1999)

Consequently, the shallow subtidal community on rocky shores of the GOA 1s
strongly mnfluenced by predation and provision of biogeruc habitat (Estes and
Duggins 1995) Human disruption of the apex predators by hunting them (as
hustorically occurred on sea otters [Simenstad et al 1978]) or by reducing their prey
(as may conceivably be occurring in the case of the Steller sea lions and harbor seals
through overfishing their own prey fishes [NRC 1996]) has great potential to create
tremendous cascading effects through the shallow subtidal benthic ecosystem
Furthermore, 1f concentration and biomagnification of organic contaminants such
as PCBs, DDT, DDE, and dioxins in the tissues of apex predators, in particular in
transient killer whales (Matkin unpublished data), causes mmpaired reproductive
success, then human industrial pollution has great potential to modify these coastal
subtidal communities on rocky shores

The shallow subtidal commurnuty on rocky shores of the GOA 1s also strongly
mfluenced by larval distribution and recruitment Recent studies by Partnership
for the Interdisciplmary Study of Coastal Oceans (PISCO) (see Appendix A for web
hink) have shown that not only are the effects of competition and predation
mportant m structuring benthic commuruties, but the sources and sinks of larvae
are equally important Larval abundance and behavior, where they come from,
how they respond to ocean conditions, where they are retained, where they are
reflected, and the dynamics regulating their recruitment are all important processes
that ultimately control what lives where Furthermore, knowledge about life
hastories 1s msufficient to make broad generalizations about the successes and
failures of recruitment events

The shallow subtidal benthic communities 1n soft sediments of the GOA region
function somewhat differently from thewr counterparts on rocky substrata These
communities are important for nutrient regeneration by microbial decomposition
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and for production of benthic mvertebrates that serve as prey for demersal
shrimps, crabs, and fishes In some protected areas within bays, however, the
shallow subtidal benthos 1s structured by emergent plants, specifically eelgrass in
the GOA These eelgrass beds perform ecological functions similar to those of
macrophyte-dommated rocky shores, namely nursery functions, phytal habitat
roles, feeding grounds, and sources of primary production (Jewett et al 1999) In
the vegetated habutats of the shallow subtidal zone, the demersal fish assemblage 1s
typically more diverse than and quite different from the demersal fishes of the
deeper subtidal zone (Hood and Zimmerman 1986) In eelgrass (Zostera) beds as
well as m the beds of small kelps and other macrophytes (Aga 11, Nereocystis and
Lamnaria) m the GOA, juveriles of many species that ive m deeper waters as
adults use this environment as a nursery for thewr young because of high
production of food materials and protection from predators afforded by the
shielding vegetation (Dean et al 2000) Furthermore, several fishes are associated
with the plant habutat itself, mcluding especially pickers that consume crustaceans
and other mvertebrates from plant surfaces, a nuche that 1s unavailable in the
absence of the vegetation Both types of vegetated habitats in the shallow subtidal
zone of the GOA contain larger predatory mvertebrates, specifically seastars and
crabs In some cases, the same species occupy both eelgrass and kelp habuitats
(Dean et al 1996b)

Microbial decomposers play an extremely sigruficant role m both shallow and
deep subtidal sedimentary habitats of the sea (Braddock et al 1996) Fungi and
especially bacteria become associated with particulate organic matter and degrade
the organic compounds This decomposition process releases the nutrients such as
phosphorus and rutrogen m a form that can be reused by plants when the water
mass 1s ultimately recycled mnto the photic zone In short, benthic decomposers of
the subtidal seafloor play a necessary role in the nutrient cycling upon which
sustamed production of the sea depends In addition, these decomposers
themselves represent the foods for many deposit-feeding mvertebrates of the
subtidal seafloor Much of the detritus that reaches the seafloor 1s composed of
relatively refractive organic compounds that are not readily assimulated m the guts
of amumal consumers The growth of microbial decomposers on this detritus acts to
convert these materials mto more utilizable mtrogen-rich biomass, namely fung:
and especially bacteria Bacteria also scavenge dissolved organic materials and
repackage them mto particulate bacterial biomass, which 1s then available for use in
consumer food chains

In the subtidal habatats, the benthic mnvertebrates serve as the prey for mobile
epibenthic invertebrates and for demersal fishes (Hood and Zimmerman 1986,
Jewett and Feder 1982) Mobile epibenthic invertebrates are distinguished from the
benthos 1tself by their greater mobility and therr only partial association with the
seafloor The vast majority of this group 1s composed of crustaceans, namely crabs,
shrimps, tanaids, and some larger amphipods (Armstrong et al 1995, Orensanz et
al 1998) Inthe GOA, this group mcludes Dungeness crabs, king crabs, snow crabs,
Tanner crabs, both Crangon and Pandalus shrimps, such as spot shrimp, coon-
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striped shrimp, pmh shrimp, and gray shrimp, and other shellfish resources that
had great commercial importance before the climatic phase shift of the mid 1970s
(Anderson and Piatt 1999, Mueter and Norcross 1999, Mueter and Norcross 2000)
Climate and physical oceanography have the potential to exert important
mfluences on recruitment and year-class strength of subtidal fishery stochs m the
GOA (Zheng and Kruse 2000b), but the mecharusms and processes are poorly
understood Demersal fishes are those fishes closely associated with the seafloor,
mcluding flounders, halibut, sole, rockfishes, Pacific Ocean perch, and gaduds hike
cod and walleye pollock They feed predominantly on the epibenthic
mvertebrates-the shrimps, crabs, and amphipods-but m addition prey directly on
some sessile benthic mvertebrates as well Juvenile flatfish feed heavily by
cropping (partial predation) on exposed siphons of clams and exposed palps of
polychaetes Thuis role of provision of benthic nvertebrate prey for demersal
crustaceans and fishes 1s an important ecosystem service of the shallow subtidal
seafloor

The shaft in the late 1970s from crabs and shrimps to domumnance by demersal
fishes associated with the shift in chmatic regime 1mplies a strong role for
environmental forcing of commurty composition m this shallow subtidal system,
although mechamisms of change dynamuics are not understood (NRC 1996)
Because of the effects of trawling on biogenic habitat, such as sponges and erect
bryozoans, m subtidal soft sedmments and the potential for fisheries exploitation to
modify abundances of both targeted stocks and species caught as by-catch (Dayton
etal 1995), fishery impacts to the soft-bottom benthic commuruty are a possible
driver of commuruty change Because the demersal fishes that are taken by trawl
and other fisheries represent the prey of threatened and endangered marme
mammals such as Steller sea lions, the possible implications of fishing impacts to
this commumnity are important (NRC 1996)

The benthic mvertebrate communty of shallow unvegetated subtidal
sediments has served worldwide as an indicator system for the biological influence
of marine pollution The infaunal mnvertebrates that compose this bottom
communuty are sessue or slow-moving They are diverse, composed of many phyla
and taxa with diverse responses to the suite of potential pollutants that deposit
upon the sedimentary seafloor Consequently, this system 1s an 1deal choice to
monutor and test effects of marme pollution (Warwick 1993) The subtidal benthic
community on the sedimentary seafloor 1s imited by food supply Consequently,
commuruty abundance and biomass reflect the effects of organic enrichment Thus
1s evident from variation m biomass among subtidal benthuc communities
geographically within the GOA (Feder and Jewett 1986) Therefore, changes mn
primary productivity mn the water column above, allocation of that production
between zooplanktonic herbivores and benthic mvertebrates, and physical
transport regimes combine to cause spatially exphcit modification of soft-sediment
benthic commumnities mn unvegetated subtidal sediments that can serve to monitor
ecosystem status Furthermore, the taxonomic composition of soft-sediment
benthic communities responds differentially to organic loading and toxic pollution
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(Warwick and Clarke 1993, Peterson et al 1996), thereby rendering this system an
excellent choice for monutormg to test among alternative drivers of ecosystem
change Among common invertebrate taxa of subtidal sedimentary habitats, the
echinoderms and crustaceans (especially amphipods) are highly sensitive to toxic
accumulation of heavy metals, PAHSs, and synthetic organic compounds Other
taxa such as polychaetes mclude many opportunistic species that bloom with
loading with orgaruc pollutants, thereby allowing mferences about causation of
anthropogenic responses (Peterson et al 1996) Thus capability of subtidal benthac
communities in soft sediments may prove useful m testing among alternative
explanations for ecosystem change m the GOA

The deeper subtidal habitats on the outer continental shelf and the contmental
slope are not well studied m the GOA system (Bakus 1978, SAI 1980a, SAI 1980b)
There has been some description of the mobile epibenthic communities and the
demersal fish commuruties of these deeper benthic habitats (Feder and Jewett
1986) Most sampling of these deeper benthic habitats mnvolves trawhng and
focuses on the stocks of crabs, shrimps, and demersal fishes that are commercially
exploited (Rosenberg 1972, Bakus 1978) The contimental shelf as a whole (shallow
to deep) represents a key fishung grounds m the GOA and has correspondmngly
high value to humans Because commuruty structure of benthuc systems can be
modified dramatically by the physical damage done by trawls to biogenic habatat
such as sponges and soft corals (Dayton et al 1995), thus human activity 1s the
object of concern The continental slope, on the other hand, does not experience
great fishing pressure

7.10 Forage Species

7 101 Definition

Forage species include a broad suite of species that are commonly consumed by
hagher trophuc level species (fish, seabirds, and marme mammals) Specifc species
mcluded m the forage species complex vary among authors and management
agencies The North Pacific Fisheries Management Council (NPFMC) groundfish
fisheries management plan defmes the forage species complex as a group of species
that mcludes the following (NMFS 2001)

*  Smelts (capelin, rambow smelt, eulachon, and family Osmeridae),
» Pacific sand lance (Amimodytes heaapterus),

= Lantern fishes (famuly Myctophidae),

» Deep-sea smelts (family Bathylagidae),

» Pacific sandfish (Trichodon trichodon),

»  Euphausnds (Thysanopoda, Euphausia, Thysanoesssa, and Stylocher on),
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*  Gunnels (family Phohdae),
* Pricklebacks (family Stichaeidae), and
* Bustlemouths, hightfishes, and anglemouths

Springer and Spechman (1997) extend this definttion to mnclude juvenile stages
of commercially exploited species such as Pacific herring (Clipen pallasi), walleye
pollock (Theragra chalcogi anuna), and Pacific salmon (Oncor iyncluis sp ) For the
purposes of this background review, the GEM Program focuses on a subset of
species that are commonly found mn coastal o1 oceanic regions of the GEM study
region In the shelf environment, this subset mncludes euphausuds, capeln,
eulachon, sand lance, juvenile pollock, juvenile herring and juvenie pmh salmon
(Oncor hynchus goibuscha) In the offshore environment, this subset mcludes
common myctophids, such as small-finned lantern fishes (Stenobr acluus levicopsarus
and Diaphus theta), and bathylagids, such as the northern smoothtounge
(Leur oglossus schimdtr) 'Thus partithorung allows GEM to highlight several key
research questions that could be the focus of future GEM research

A more complete description of the life history characteristics of the forage
species identified by the GEM Program can be found i Hart (1973, NMFS 2001)
Table 7 2 summarizes key features of the Iife history characteristics

7 10 2 Resource Exploitation in the GEM Region

Small amounts of non-commercial forage species are taken as bycatch in federal
and state fisheries n the GOA (NPFMC 2000, NMFS 2001) In an attempt to
discourage the development of target fisheries for forage species, the NPFMC
restricts the catch of forage species to no more than 2 percent of the total landed
catch of commercial fisheries in federal waters (NMFS 2001) Although the bycatch
of non-commercial forage species tends to be low relative to target fisheries for
commercially exploited species, the percentage of the bycatch relative to regional
abundances of individual forage species 1s often not known because of the
difficulty mvolved in assessing these species

Pacific salmon fisheries off the coast of Alaska are managed by a complex
system of treaties, regulations, and international agreements State and federal
agencies cooperate mn managing salmon resources The State of Alaska regulates
commercial fisheries for salmon within state waters where the majority of the catch
occurs Federal agencies control the bycatch of juvenile salmon m groundfish
fisheries through prohubited-species bycatch restrictions (NMFS 2001) In the GEM
study region, pmk salmon are primariy harvested by purse semes Most of the
pnk salmon taken m PWS are of hatchery orngin

State and federal agencies also cooperate m managing Pacific herring fisheries
Most of the directed herring removals occur within state waters and are regulated
by ADF&G In federal waters, the removals of Pacific herring m groundfish
fisheries are regulated through prohibited-species bycatch restrictions (NMFS 2001)
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Table 7 2 Summary of Key Life History Characteristics of Selected Forage Species

Pacific sand Northern
Capelin Eulachon lance Walleye Pollock Pink salmon lanternfish
Euphausnds Mallotus Thaleichthyes Ammodytes Theragra Pacific herring Oncorhynchus Stenobrachius
Charactenistics 11 species villasus pacificus hexapterus chalcogramma Clupea pallasu gorbuscha leucopsarus
Maximum age 2 4 5 3 21 18 2 6
(years)
Maximum length 4 25 25 15 80 45~ 65 9

(centimeters)

Prey planktivorous

planktivorous

planktivorous

planktivorous

plankton and fish planktivorous

plankton and fish

planktivorous

Peak spawning spring spring spring winter winter-spring winter-spring summer unknown—

winter?

Spawn location unknown intertidal rvers late fall early pelagic on shelf nearshore rivers unknown

winter s

Abundance unknown low stable low stable unknown low stable low high stable unknown

trend (uncertain) (uncertain) (uncertain)

Foraging habitat pelagic— pelagic— pelagic— demersal— mesopelagic— pelagic shelf pelagic shelf and mesopelagic—
mid water over mid-water over  mid-water over 0-100 m demersal and open ocean outer shelf and
shelf shelf shelf over shelf ope