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645 G Street, Suite 401, Anchorage, AK 99501-3451  907/278-8012 =x:907 276-7178

MEMORANDUM
TO: Interested Parties
FROM: olly McCammon
Executive Director
RE: Gulf Ecosystem Monitoring & Research Program (GEM)
DATE: July 9, 2001

Per your request, please find enclosed a copy of the draft Gulf Ecosystem
Monitoring & Research Program (GEM). Any comments/suggestions/corrections
you might have on this draft document would be appreciated as soon as
possible. The Trustee Council will be discussing a revised draft — incorporating
comments received — on Monday, August 6. Your written comments will be most
useful if they are received by July 31. A draft of the document will be sent to the
National Research Council for review in mid-August, so comments received after
July 31 will still be useful. Opportunities for public comment are at noon
Wednesday, July 18, during the Public Advisory Group meeting and at 10am
August 6, during the Trustee Council meeting.

Written comments should be submitted to the Trustee Council via e-mail at
restoration@oilspill.state.ak.us or by fax (907-276-7178) or regular mail (645 G
Street, Suite 401, Anchorage, AK 99501). To participate via teleconference in the
Public Advisory Group or Trustee Council meetings, please contact Cherri
Womac in advance at the Restoration Office (phone 907-278-8012, toll free
within Alaska 800-478-7745, toll free from outside Alaska 800-283-7745).

Federal Trustees State Trustees
U.S. Department of the Interior Alaska Department of Fish and Game
U.S. Department of Agriculture Alaska Department of Environmental Conservation

National Oceanic and Atmospheric Administration Alaska Department of Law
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OVERVIEW OF THE GEM DOCUMENT

Editorial Notes

1

Overview Table could be a figure, but see Bob’s overview figure, Bob’s figure
and the overview table work well together

2 Thus section needs to be edited once the organization of the chapters has been

decided.

Overview Table

Chapter  Title & Question Addressed Products

1-3 Vision Human Uses and Activites Lingering Mission & goals
Effects of the Oil Spill Program context
Why do this and what do we hope to achieve?

4-5 Building on Lessons of the Past Scientific Our current knowledge of the
Background Gulf of Alaska
What 1s published that can help us? General research questions

6 Conceptual Foundation Central hypothesis
How do we think the ecosystem works? Key questions

7 Current Information Gathering Status of current information
What information 1s now being pursued? gathering programs

8 Definition of GEM Information Needs Specific questions and
What information do we need? information needs

9 Definitions of Key Components and Strategies Key components
How can we get the information we need? &mplementation strategies

10 Monitoring Plan & Research Agenda Starting point for implementation
What are we going to do to get the information process
when will we do it and with whom?

11 Program Management The Gulf Ecosystem Monitoring
What are the processes and policies for and Research Program
monitonng and research?

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

13 Data Management and Information Transfer D?ta mat:nagt?me?; andtl .

information transfer options for
Informaton ransor m GEM mpiomentation? __PO3raM iMplementation

A Appendix A Lists of Fish and Invertebrates Chapter 5 10 and other Ch 6

B Appendix B North Pacific Models Chapter 12 summary of models

] Appendix C Information Gathering Projects Chapter 7 summary of database

D Appendix D NPRB Desk Reference Chapter 7 and most other

chapters agencies acronyms
Web links

OVERVIEW



GULF ECOSYSTEM MONITORING AND RESEARCH PLAN

The Gulf Ecosystem Monitoring and Research

Overview and Guide (GEM) program 1s the end result of a series of
to Use of the GEM steps represented by chapters m this document
Document (see Overview Table above) Each chapter

answers a question and develops a product (or
products) that becomes an essential building block of the GEM program The
chapters of the document are described below

Chapters 1to 3 The mussion and goals form the foundation of the GEM
program and the products of the first three chapters They define the purpose of
the overall program and provide the context for the following chapters

Chapters 4and 5 Synthesizing GEM program knowledge about biological and
physical phenomena relevant to the mission and goals 1s a critical mnitial step in
developing a long-term program Thus synthesis leads to broad, “general research”
questions that provide context for specific research questions in Chapter 8 Aspects
of these questions that relate to the central hypothesis and key questions (Chapter
6) and are not being addressed by current information-gathering programs
(Chapter 7) appear again later in the document-mn Chapter 8, as specific
mformation needs and critical ecological processes, and m Chapter 10, as part of
the monitoring plan and research agenda

Chapter 6 Whereas Chapter 5 summarizes the current state of published
mformation about the northern Gulf of Alaska, Chapter 6 provides a conceptual
understanding of how that ecosystem 1s believed to work The central hypothesis
1s an overarching summary of how natural forces and human activities control
changes mn the productivity of biological resources Key questions carve the central
hypothesis mto smaller, more manageable pieces based on habitat types
representative of the region The four habitat types were chosen as an
organizational device because they accommodate the critical aspect of spatial scale
mherent 1n the central hypothesis, as well as having unique aspects and processes
of therr own The key questions appear again in Chapter 8 as the starting pomnts for
developing specific questions and defining specific information needs

Chapter 7 Knowledge of other programs 1s essential to allow the GEM
program to find 1ts place m the monitoring and research commuruty of the North
Pacific The status of current nformation-gathering efforts directs the GEM
program toward aspects of the central hypothesis and key questions that are not
being well studied, and then further, to specific questions and information needs
(Chapter 8) Individual monitoring and research activities of the GEM program
(Chapter 10) must also be developed 1n the context of these current mformation-
gathering efforts

Chapter 8 Defining mnformation needs of the GEM program starts by carving
the key questions of Chapter 6 into more specific questions, 1 conjunction with
relevant general research questions identified in Chapter 5 The mformation

OVERVIEW
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needed to answer these questions leads directly to identifying monitoring activities
to be developed (Chapter 10)

Chapter 9 In this chapter the key components of the GEM program are
presented and defined, and implementation strategies are described Defining
monitoring, research, synthesis, modeling, and data management 1s necessary
before these components are used in the monitoring plan and research agenda
itself, as described in Chapter 10

Chapter 10 The monitoring plan and research agenda are presented n this
chapter-the fruition of questions and mformation needs from Chapters 5, 6, and 8
The plan describes the monitoring activities by the four habitat types Thus sets the
stage, m turn, for program mmplementation in Chapter 11

Chapter 11 By using the key components and strategies identified mn
Chapter 9, this chapter explains the process and policies that will make the
monitoring and research activities in Chapters 10 a reality The approach mcludes
working within the guidelines established by the mission, goals, and other policies
of the Exxon Valdez Trustee Council A proposed scientific oversight process and
other admimistrative procedures are explained as the tools to develop and
mmplement the monitoring program during a period of 5 years, from Fiscal
Year 2003 through Fiscal Year 2007,

Chapter 12 The modeling chapter picks up the definition of modeling in
Chapter 9, expands on 1t, and presents materials that were too detailed for
Chapter 9 The purpose 1s to more precisely defmne the different kinds of models
and therr uses, summarize some existing models relevant to the Gulf of Alaska, and
describe where models may fit within the overall GEM hierarchy

Chapter 13 Thus chapter on data management and information transfer takes
off from the data management and modeling sections i Chapter 9 to more
precisely define the possible ways and means of implementing the “end-to-end”
data management and mformation transfer system Options for implementation
with a suggested sequence and schedule for basic actions needed to implement the
system are presented

Appendices During the course of preparing the GEM program documents, a
wealth of useful supporting nformation was acquired that could not be mcluded
the text of the chapters without compromising clarity Each appended document
1s a useful reference 1n 1ts own right, however, references to appendices have been
placed 1n the chapters for the benefit of those who want to explore a chapter’s
topics 1n more detail

OVERVIEW
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1. VISION FOR GEM
IN THE NORTHERN GULF OF ALASKA

In This Chapter
> History of the Restoration Program
> Explanation of the mission 1dentified for the program

> Identification of goals, geographic scope, and funding

A program rooted 1n the science of a large-scale
1.1 Introduction ecological disaster 15 uniquely suted to form the

foundation for ecosystem-based management
The knowledge and experience gamned durmng 10 years of biological and physical
studies mn the aftermath of the Exxon Valdez o1l spill (EVOS) confirmed that a solid
historical context 1s essential to understand the sources of changes in valued
natural resources Toward this end, m March 1999 the Exxon Valdez O1l Spill
Trustee Council (Trustee Council) dedicated approximately $120 million for long-
term monitoring and research 1n the northern Gulf of Alaska (GOA) The new fund
will be 1n place by October 2002 and will function as an endowment, with an
annual program funded through mvestment earnings, after allowing for inflation-
proofing and modest growth of the corpus

In making the decision to allocate these funds for a long-term program of
monitoring and research, referred to herein as the Gulf Ecosystem Monitoring and
Research (GEM) program, the Trustee Council explicitly recognized that complete
recovery from the o1l spill may not occur for decades

and that through long-term observation and, as needed,
restoration actions, the injured resources and services are Prudent use of the natural
most likely to be fully restored The Trustee Council resources of the spill area
further recognized that conservation and improved requires increased knowledge of
management of these resources and services would critical ecological information
require substantial ongomng mvestment to improve about the northern GOA

understanding of the marine 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 In addition, prudent use of the natural resources of the spill
area without compromising therr recovery requires mcreased knowledge of critical
ecological information about the northern GOA This knowledge can only be
provided through a long-term monitoring and research program that will span
decades, if not centuries There are both immediate, short-term needs to complete

PART I, CHAPTER 1
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the understanding of the ingering effects of the o1l spill and long-term needs to
understand the sources of changes in valued natural resources

The ongmnal mission of the Trustee Council’s
1.2 Mission Restoration Program, adopted m 1993, was to

“efficiently restore the environment mjured by the
EVOS to a healthy, productive, world-renowned ecosystem, while taking mto
account the importance of the quality of life and the need for viable opportunities
to establish and sustain a reasonable standard of living ”

Consistent with this mission and with the ecosystem approach adopted by the
Trustee Council 1 the Restoration Plan, the mussion of the GEM program 1s to
“sustain a healthy and biologically diverse marine ecosystem i the northern Gulf
of Alaska (GOA) and the human use of the marine resources 1n that ecosystem
through greater understanding of how 1its productivity 1s influenced by natural
changes and human activities ” In pursuit of this mussion, the GEM program will
accomplish the following

* Sustain the necessary mstitutional infrastructure to provide scientific
leadership 1n 1dentifying research and monitoring gaps and priorities,

* Sponsor monitoring, research, and other projects that respond to these
1dentified needs,

* Encourage efficiency in and mtegration of GOA monitoring and research
activities through leveraging of funds and interagency coordmation and
partnerships, and

* Promote local stewardship by mnvolving stakeholders and having them help
guide and carry out parts of the GEM program

In adopting this mussion, the Trustee Council acknowledges that, at times,
sustamning a healthy ecosystem and ensuring sustamable human uses of the marme
resources may be i conflict In those mnstances, the goal of achieving 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 mto the program as they are developed

Five major goals have been 1dentified as necessary
13 Goals to accomplish the GEM mussion  Attamnng all

five, however, will require several decades Two
of these goals should be attainable withun the early decades of operating the GEM
program, given sufficient funding

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

PART I, CHAPTER 1
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2 Understand Identify causes of change in the marine ecosystem, mcluding
natural variation, human mfluences, and their mteraction

Two other goals provide an essential piece of the foundation for a long-term
program and are likely to be fully realized only on an irregular basis until after the
first decade of operating the GEM program

3 Inform Provide integrated and synthesized information to the publc,
resource managers, industry and policy makers m 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 that
may be attained withun the near term

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

During the process of learning how to detect and understand change n the
northern GOA, 1t will be critical to look toward the day when resource managers
and the concerned public collect on their mvestment n GEM In the long run, GEM
must provide some of the mnformation that enables resource-dependent people,
such as subsistence users, recreationalists, and commercial fishers, to better cope
with changes m marine resources The data and mformation produced by GEM
during 1ts first decade may be of limuted value for solving problems for the public,
commercial mterests, resource managers, and policy makers faced with
environmental change Nonetheless, as information accumulates, the ability for
GEM to provide problem-solving information and tools can and must increase

Given the s1ze 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 require achieving the
following mstitutional goals

* Synthesize monitoring and research results to advise 1n setting priorities,
*  Priorttize monitoring and research needs,

* Identify monitoring and research gaps currently not addressed by existing
programs,

* Fund monitoring of core variables,

= Leverage funds to augment ongoing monitoring work funded by other
entities,

PART I, CHAPTER 1
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* Track work of other entities relevant to understanding biological
production 1 the GOA, and

* Involve other government agencies, non-governmental organizations,
stakeholders, policy makers, and the general public 1n a collaborative
process to achieve the mission and goals of GEM

The substantial experience of the EVOS Restoration Program mdicates that
these seven mstitutional goals are not only reasonable and necessary, but also
attainable

Consistent with the Restoration Plan, the primary
1.4 Geographic Scope focus of the GEM program 1s within the area

affected by the 1989 ol spill, which 1s generally
the northern GOA, including Prince William Sound (PWS), Cook Inlet, Kodiak
Island, and the Alaska Peninsula (Figure 1) Recognizing that the marine
ecosystem affected by the o1l spill does not have a discrete boundary, some
monitoring and research activities will necessarily extend mto adjacent areas of the
northern GOA

Figure1
THIS IS FIGURE 1 OF PREVIOUS REPORT NEED THE ELECTRONIC FILE

It 1s important to note that the northern GOA includes watersheds and
shorelines, the nearshore environment, the continental shelf, and offshore waters
It 1s also important to note that waters from the shelf and basin of the GOA
eventually enter the Bering Sea and the Arctic Ocean (through the Bering Strait)
Although GEM has a regional (GOA) outlook, the program will be of vital
mportance mn understanding the downstream Bering Sea and Arctic Ocean
ecosystems In addition to the linkages provided by the movements of ocean
waters, the GOA 1s linked to other regions by the many species of birds, fishes, and
mammals that also move through these regions It 1s also becoming increasingly
clear that environmental conditions m 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 will fund the GEM program
15 Funding and beginning m October 2002 with funds allocated
Governance for long-term momitoring and research, estimated

to be approxmmately $120 million The Trustee
Council will manage these funds as an endowment, with the annual program
funded by mvestment earnings after mnflation-proofing, thus providing for a stable
program through time The Trustee Council also may choose to fund a smaller
program m the early years to build the corpus of the fund The Trustee Council’s
long-term goal 1s to allow for additional deposits and donations to the fund from
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C/ other sources to increase the corpus Achieving this goal might require changes in
state or federal legislation and possibly a change 1n the consent decree 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 United States
to admunister the restoration fund, which mcludes funding for GEM, and to restore
the resources and services mjured 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 Admunistrator of the National Oceanic and Atmospheric
Administration, US Department of Commerce

The trustees established the Trustee Council to admnster the restoration fund
The state trustees serve directly on the Trustee Council The federal trustees each
have appointed a representative mn Alaska to serve on the Trustee Council They
currently are the US Interior Department’s Special Assistant to the Secretary for
Alaska, the Alaska Director of the National Marine Fisheries Service, and the
Supervisor of the Chugach National Forest for the Department of Agriculture All
decisions by the Trustee Council are required to be unanimous It 1s expected that
the current Trustee Council will make policy and funding decisions for the GEM

O program

It has been suggested that at some time 1n the future, a new board or oversight
structure be established to adminuster or guide the GEM fund It 1s also possible
that an existing board, erther under 1its current structure or with minor
modifications, could take over management of the fund Use of a new governance
structure, if justified, would require changes in law and the applicable court
decrees Such changes would take considerable time and are not anticipated in the
near future

1.6 References

NRC 2000 Ecological indicators for the nation National Academy Press
Washmngton, D C
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2. HUMAN USES AND ACTIVITIES
IN THE NORTHERN GULF OF ALASKA

In This Chapter
» Dascussion of the human mpact in the GOA
> Population centers m the area

> Identification of human activities occurring

The growing population of Alaska and the existing and potentially greater
human use of the resources of the northern GOA are important considerations for
development of GEM To achieve the GEM mussion of sustaining a healthy
ecosystem, as well as sustaining human use of the marmne resources of the GOA, 1t
1s essential to assess and understand the impacts that human activities may have on
mmportant fish and wildhife species, their habitat, and the northern GOA ecosystem
overall

The economy of Alaska depends heavily on extraction of natural resources,
primarily o1l, fish, and shellfish, followed by timber and minerals In the northern
GOA, commercial fishing, recreation, and tourism (including sport fishing), o1l and
gas development, logging, roadbuilding and urbanization, marine transportation,
and subsistence harvests are all activities that have the potential to affect fish and
wildlife populations and habitat

The human impact on Alaska’s marme ecosystems 1s relatively small,
compared to impacts m most of the developed world Other regions are faced with
marine dead zones caused by eutrophication (decline of a

water body caused by oxygen deficiency) from pesticide Natural resource managers in
runoff, overfishing and depletion of fish stocks, serious Alaska are concerned about
mdustrial pollution, and degradation of important habitat the impacts of pollution on
such as coral reefs and coastlines Alaska 1s pristine in marine ecosystems

comparison Even here, however, natural resource
managers have concerns about localized pollution, the potential impacts of some
fisheries, extreme changes in some fish and wildlife populations, and the hittle
known mmpacts of contamnants and global warming

State and federal laws and permitting systems are designed to identify and
mitigate the direct impact of these activites Secondary and cumulative impacts
are not as routmnely assessed, however There 1s concern that local problems, if left
unidentified or unmonitored, could grow mto regional problems
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Experience with the EVOS Restoration Program has demonstrated that, unless
an mmpact 1s very large, 1t 1s usually extremely difficult to 1solate the human impact
from the natural variability Because GEM will be a long-term program, however,
1t 1s important to assess the potential impacts of human activities on a regular basis
to determune their influence on changes 1n the abundance and distribution of
important resources

About 71,000 full-time residents live within the

2 1 Socioeconomic area directly affected by the o1l spill (Figure 1),
Profile of the Northern and two to three times that number use the area
Gulf of Alaska seasonally for work and recreation The spill area

population, combined with that of the nearby
population centers of Anchorage and Wasilla, totals 62% of the state’s 627,000
permanent residents When the resident population 1s combined with more than

1 mllion tourists who visit the state each year, 1t becomes clear that the natural
resources of the northern GOA cannot be immune to the pressures associated with
human uses and activities

211 Prince Wilham Sound

PWS lies north of the GOA and west of Cordova About 7,000 people hive and
make their iving m this area The largest communities-Cordova, Valdez, and
Whuttier-are all coastal and predommantly non-Native, although Valdez and
Cordova are home to Alaska Native village corporations and tribes Chenega Bay
and Tatitlek are Alaska Native villages All five communities are accessible by air
or water, and all have dock or harbor facilities In the north, the ports of Valdez
and Whittier link the area to the state’s mamn road system

The economic bases of the five communities in PWS are heavily resource
dependent The Cordova economy 1s based on commercial fishing, primarily for
pink and red salmon As the termunus of the Trans-Alaska Pipeline System, Valdez
1s dependent on the o1l industry, but commeracial fishing and fish processing,
government, and tourism also are important to the local economy Large o1l
tankers routinely traverse PWS and the northern GOA to and from the Port of
Valdez In addition to working as o1l mdustry employees, Whuttier residents also
work as government employees, longshoremen, commercial fishermen, and service
providers to tourists The people of Chenega Bay and Tatitlek augment commercial
fishing, aquaculture, and other cash-based activities with subsistence fishing,
hunting, and gathermng

21 2 Kenai Peninsula

The Kenai Peninsula, on the northwest margin of the GOA, separates Cook
Inlet from PWS The central peninsula 1s on the main road system, only a few
hours by car from the major population center of Anchorage Because of this road
connection to Anchorage, the Kenai Peninsula 1s the fastest growing area in the
northern GOA About 50,000 people hive on the peninsula, with about two-thirds
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living near the cities of Kenar and Soldotna The economy of this area depends on
the o1l and gas industry, commercial fishing, and tourism This area was the site of
the first major Alaska o1l strike in 1957 and has been a center for o1l and gas
exploration and production since that time Seward 1s a seaport on the eastern
Kenai1 Peninsula near the western entrance of PWS It 1s the southern terminus of
the Alaska Railroad, which transports marine cargo and passengers to and from
Anchorage

The southern Kenai Peninsula contains the cities of Homer and Seldovia and
the Alaska Native villages of Nanwalek and Port Graham Homer, on the north
side of Kachemak Bay, 1s the southern terminus of the state’s main road system on
the peninsula Seldovia, Nanwalek, and Port Graham, all located south of
Kachemak Bay, are accessible only by air and sea Nanwalek and Port Graham
depend largely on subsistence hunting and fishing and on village corporation
enterprises, such as the salmon hatchery, cannery, and logging enterprise at Port
Graham Homer 1s the economic and population hub of this part of the penmnsula
and depends on commercial fishing, tourism, and forest products

Tourism 1s an important and growmg part of the Kenai1 Peninsula economy
Marne sport fishing out of Seward and Homer 1s a major attraction for the tourist
mdustry Cruise ships dock at the Seward harbor, and commercial vessels take
passengers on tours of the nearby Kenai Fjords National Park The Kenai River and
its tributary, the Russian River, are major sport fishing rivers, attracting tourists
from Anchorage and all over the world

2 1 3 Kodiak Island Archipelago

The Kodiak Island archipelago hes to the west of the northern GOA  This
region includes the city of Kodiak and the six Alaska Native villages of Port Lions,
Ouzinkie, Larsen Bay, Karluk, Old Harbor, and Akhiok About 14,000 people hive
m thus region, although the population swells in the fishing season Communities
on Kodiak Island are accessible by air and sea Approximately 140 mules of state
roads connect communities on the east side of the 1sland

The economy of the archupelago depends heavily on commercial fishing and
seafood processing Kodiak 1s one of the world’s major centers of seafood
production and has long been among the largest ports mn the nation for seafood
volume or value of landings Village residents largely depend on subsistence
hunting and fishing Kodiak Island 1s also home to a commercial rocket-launch
facility that held 1ts first successful launch m 1999 The U S Coast Guard Station
near Kodiak 1s a major landowner and employer

2 1 4 Alaska Peninsula

The Alaska Peninsula 1s on the western edge of the northern GOA Five
communuties on the south side of the Alaska Peninsula he within the area affected
by the EVOS Chigruk, Chignik Lagoon, Chugnik Lake, Ivanof Bay, and Perryville
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The population of the area is about 450 year-round residents, but doubles during
the fishing season. All five communities are accessible by air and sea. The cash
economy of the area depends on the success of the fishing fleets.

Chignik and Chignik Lagoon serve as regional salmon-fishing centers, and
Dutch Harbor, southwest of Perryville and outside the spill area, is a major center
for crab and other marine fisheries. In addition to salmon and salmon roe, fish
processing plants in Chignik produce herring roe, halibut, cod, and crab. About
half the permanent population of these communities is Alaska Native. Subsistence
on fish and caribou is important to the people who live in Chignik and Chignik
Lagoon.

Chignik Lake, Ivanof Bay, and Perryville are predominantly Alaska Native
villages and maintain a subsistence lifestyle, relying on salmon, trout, marine fish
and shellfish, crab, clams, moose, caribou, and bear. Commercial fishing provides
cash income. Many residents leave during summer months to fish from Chignik
Lagoon or work at the fish processors in Chignik.

2.2 Description of 2.2.1 Commercial Fishing

Human Activities Commercial fishing is by far the predominant

human activity in the northern GOA and is
thought at this time to have the potential for the
most significant impacts on the GOA ecosystem. Within the GOA, the major
commercial fisheries are salmon, Pacific herring, pollock, cod, halibut, and

<hilhish NEEDTOINCLUDE A FEW STATISTICS HERE - VALUE OF

The period before the 1989 oil spill was a time of relative prosperity for many
commercial fishermen. Since 1989, these drastic changes have occurred in the
commercial fishing industry:

* Low prices have reduced the value of the pink and sockeye salmon
fisheries.

* Sharp declines in herring populations in PWS, possibly caused by disease
related to the EVOS, have resulted in closures that have devastated the
fishery.

* The listing of the Steller sea lion under the federal Endangered Species Act
has resulted in restrictions on groundfish fisheries.

* GOA crab stocks have continued their plummet.

A major ecological concern with all types of removals by fishing activities is the
sustainability of fish stocks, which could be affected by directed fisheries or as a
result of discarded bycatch in other fisheries and high seas interception.
Overfishing could lead to stock depletion. The predominant fishery stocks

10
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historically fluctuate because of natural variability and climate cycles. Setting
harvest rates without a complete understanding of those fluctuations could lead to
unintentional overharvest, resulting in population declines that could take years to
rebound.

Another ecological concern with all types of fishing is the removal of marine
nutrients (nitrates, phosphates, iron) that are key to sustaining the long-term
productivity of watersheds (Finney et al. 2000). Fishing for a dominant
anadromous species such as salmon may lower the productive capacity of a
watershed not only for salmon, but for a wide range of plants, fish, and mammals
that are known to depend on marine nutrients. When combined with the loss of
nutrients associated with development of riparian (river and other waterfront)
habitats and wetlands, the loss of marine nutrients may contribute to the process
known as oligotrophication or “starvation” of the watershed. Unfortunately, not
enough monitoring data on marine nutrients in tributaries of the GOA is available
to understand the degree to which oligotrophication is occurring.

A third ecological concern with fishing is the potential for degradation of
habitats, and attendant losses of unintended species. Sport-fishing activities in
watersheds have substantially degraded some riparian habitats in Southcentral
Alaska, resulting in lost vegetation, lost fish habitat, and siltation. Various types of
marine fishing methods and gear, such as pots and hard-on-bottom trawls (baglike
nets), also have the potential for degrading sea-bottom habitat and reducing
populations of sedentary species such as corals and seaweeds.

Protection has already been afforded to marine habitats in some cases by
excluding gear types that are thought to be injurious to habitat. For example, the
eastern GOA is now closed to trawling and dredging in part to protect coral
habitats from possible trawling impacts.

JRIFENETS? S >ROBLEM? | SE RI )R DE 8 In addition
there are numerous trawl-and-dredge closure areas near Kodiak Island, the Alaska
Peninsula, and the Aleutian Islands. Areas where marine mammals feed and
adjacent to their haul-out areas also have been closed to commercial fishing in parts
of the Bering Sea, Aleutian Islands and GOA. Given the amount of marine habitats
already subject to closure, more information on how to define critical marine
habitats, a possible role for GEM, is essential to
balancing fishing opportunities and protection of

habitat. More information on how to
define critical marine habitats
Commercial fishing also has the potential to affect is essential to balancing
other elements of the marine ecosystem, such as bird and fishing opportunities and
marine mammal populations. Effects result either protection of habitat.

directly, through entanglement in fishing nets or
disturbance to haul-outs and rookeries, or indirectly, through impacts on food
supplies. A recent National Marine Fisheries Service (NMFS) Biological Opinion
concludes that lack of food is the reason why the endangered Steller sea lion is not
recovering from serious declines in the GOA and Bering Sea. On the basis of this
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opmion, NMFS has severely imited fixed-gear and trawl fishing for several
groundfish species, a major food source for the Steller sea lion

Salmon fisheres m the GOA are notable because hatcheries produce the
majority of some salmon species in some areas and, i specific fisheries, the
majority of salmon harvested Billions of juvenile salmon are released annually
from hatcheries in three areas within the northern GOA Cook Inlet, Kodiak, and
PWS Within this region, 56% of the salmon 1n the traditional commercial harvest

were of hatchery origin in 1999 The percentage 1s hugher if

cost-recovery fisheries are also mcluded In PWSin

Information on the interactions  particular, hatchery production provides a majority of the
between hatchery and wild fish  pink and chum salmon harvested and a substantial fraction

appears to be essential of the sockeye and coho salmon harvested In 1999,
to long-term fishery

management programs

hatchery pink salmon contributed 84% of the number of
pmk salmon harvested by commercial fisheries in PWS

Ecological concerns related to hatcheries include reduced production of wild
fish because of competition between hatchery and wild salmon during all stages of
the hife cycle, loss of genetic diversity i wild salmon, and overharvest of wild
salmon during harvest operations targeting hatchery salmon Information on the
mteractions between hatchery and wild fish 1n specific locations, and on the impact
of salmon produced 1n hatcheries in both Asia and North America on food webs
the GOA, appears to be essential to long-term fishery management programs

2 2 2 Recreation and Tourism

Major recreational and tourist attractions within the spill area mclude Portage
Glacier, Kena1 Fjords National Park, Columbia Glacier, Kachemak Bay, and Katmai
National Park World-class salmon fishing attracts residents and visitors alike to
the Kenai River, the Russian River, and other rivers on the Kenai Peninsula
Charter halibut fishing 1s an important and growing recreational activity, especially
for Seward and Homer More than 500 vessels are active m thus industry
Camping, hiking, kayaking, and wildlife viewing attract visitors to the Kodiak
Island National Wildlife Refuge, the Chugach National Forest, and numerous state
park units within the spill area

Growth of the Alaska population and mcreases in nonresident visitation to
Alaska will increase the potential impacts of GOA resource use Between 1990 and
1998 alone, the number of nonresident visitors to Alaska mcreased from 900,000 to
1 35 mulhion per year, averaging a 5% annual rate of increase during this period
Cruuse shp traffic to the state has been increasing by more than 10% a year,
although the rate may be slowing somewhat

Increased tourism and recreational use could result in a variety of impacts on
marne fish and wildlife and their habitats  Sport fishing could contribute to
localized depletion of fish stocks, as well as degradation of streambank habitat in
watersheds Increased recreational boat traffic can disturb wildlife on their

12
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rookeries and haul-outs, as well as increase oil and gas residue in harbors and
adjacent waters. Cruise ships often carry more people than populate many Alaska
towns, and cause concerns about their disposal of garbage and other waste, impacts
on air quality, and potential for diesel fuel spills. The growing use of jet skis for
recreational use and their potential for disturbing nesting waterfowl has led to a jet
ski ban in Kachemak Bay by the Alaska Department of Fish and Game (ADF&G).
Increased hiking and camping on coastal areas and riverbanks can lead to
trampling, erosion, and related impacts on local water quality. The Whittier road,
opened in 2000, is expected to increase visitation to northwestern PWS, with
potential impacts to shorelines, tidelands, and nearshore waters, as well as the fish
and wildlife populations that rely on these habitats.

2.2.3 0Oil and Gas Development

The oil and gas industry is a major economic force in PWS and Cook Inlet.
Crude oil pumped from fields on the North Slope is transported by pipeline to
Valdez, where it is loaded onto tankers and shipped to the lower 48 states. Tankers
traverse PWS on the journey south. The number of tanker voyages from the Port of
Valdez has declined from 640 in 1995 to 411 in 1999, because of the sharp reduction
in North Slope crude oil production. Any additional North Slope development
could increase tanker traffic.

Discovered in 1957, the Swanson River oilfield in the Kenai National Wildlife
Refuge is the site of the first commercial oil development in Alaska. Much of the
oil and gas development in the Cook Inlet area occurs on offshore platforms.
Underwater pipelines transport product to terminals on both sides of Cook Inlet.
Tankers ship crude oil and refined product to the lower 48 states.

In April 1999, the State of Alaska offered for lease all available state-owned
acreage (approximately 2.8 million acres) in its first Cook Inlet Areawide Oil and
Gas Lease Sale. As a result of the first sale, oil and gas leases have been issued on

about 115,000 acres of land. SIS NS HSHR000 NS00 ESHISaEe
[EEESIEEoHISeIeseIEREl A dditional sales are planned in 2002 and 2003.

The major concerns about oil and gas development include the potential for oil
spills from vessel traffic, as happened during the 1989 EVOS, as well as small,
chronic spills, pipeline corrosion and subsequent leaks, disposal of drilling wastes
and potential impact on water quality, and the introduction of exotic species from
ballast waters. In 1995, local conservation groups negotiated a settlement with
Cook Inlet oil and gas producers for more than 4,000 violations of the federal Clean

Water Act in Cook Inlet. (iiiSHUDOIINENER OIS DIICORNEeRepIanSs

2.2.4 Subsistence Harvest
Fifteen predominantly Alaska Native communities in the GEM region (SN

ISTHE GOA REGION? GOA region? SOMETIMES EVOS REGION IS USED, w ith

a total population of about 2,200 people, rely heavily on harvests of subsistence
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resources such as fish, shellfish, seals, deer, and waterfowl. Subsistence harvests in
1998 varied among communities from 250 to 500 pounds per person, indicating
strong dependence on subsistence resources. Many families in other communities
also rely on the subsistence resources of the spill area.

Subsistence use is a form of resource exploitation and must be considered as a
factor potentially affecting resource abundance and distribution. It is monitored
under state and federal authorities. Subsistence harvest of marine mammals is
probably of greatest concern because marine mammals are an important
component of subsistence diets in the GEM region and because subsistence
harvests are the only legal take of marine mammals, are usually unlimited, and
may affect species with small populations.

2.2.5 Timber Harvest

No major timber operations are currently occurring in PWS, but logging
continues on Afognak Island in the Kodiak archipelago and small-scale timber
operations are planned for parts of the Kenai Peninsula. Of the three major logging
operators on Afognak Island, only Afognak Native Corporation is still logging in a
major way, with 30 million board feet in 2000 and another 30 million board feet
planned for 2001. Poor lumber markets, increased competition, and a dwindling
timber supply have all led to decreased logging activities on Afognak. Logging
operations on Port Graham Corporation lands on the southern Kenai Peninsula
have concluded, but some logging may take place on Native allotments near Port
Graham. On the Alaska Peninsula, Ninilchik Native Corporation and Cook Inlet
Region Inc. are preparing a major logging operation to begin in 2001 on the
Crescent River, a major salmon producer in Cook Inlet.

The State of Alaska has announced a five-year Schedule of Timber Sales for the
Kenai Peninsula and Kodiak area from 2000 through 2004. One significant factor
affecting forest planning in the Kenai area is a major epidemic of the spruce bark
beetle. The proposed timber sales are designed to use dead and dying timber or to
harvest timber with a high likelihood of infestation in the next few years. During
this 5-year period, the state plans to hold 31 timber sales on about 23,000 acres of
state land on the Kenai Peninsula. Harvest from these lands is estimated to be
125 million board feet of spruce and hemlock and 410,000 cubic board feet of birch,

cottonwood, and aspen. [NSISNNIGHNEISIENERENED:

Concerns about logging include water quality effects, long-term effects on the
marine system of bark from log transfer facilities, and impacts on anadromous
streams from siltation and habitat destruction. The Alaska Department of
Environmental Conservation (ADEC) reported that 24% of the water bodies on the
state’s list of polluted sites are due to some aspect of logging. (ADEC 2000) A
significant issue related to logging is the increased access to previously remote
lands provided by logging roads. Logging operations on the Kenai Peninsula alone
have added more than 3,000 miles of roads in the region. This increased access has

14
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encouraged all-terrain vehicle use in sensitive habitats, such as the headwaters of
salmon streams.

2.2.6 Other Industrial Activity

Large spills like the EVOS are rare. More common are smaller discharges of
refined oil products, crude oil, and hazardous substances. Small spills have been
caused by a variety of industries, such as oil and gas, timber, fishing, and seafood
processing industries, as well as small commercial establishments such as gas
stations and dry cleaners.

Under state law, the release of hazardous substances and oil must be reported
to ADEC. In 1998 and 1999, 1,325 spills were reported in the EVOS region,
resulting in a total discharge of 218,000 gallons of refined oil products, crude oil
and hazardous substances. Although small spills were reported throughout the
spill area, by far the largest number of spills (1,037) and greatest volume of
discharge (198,000 gallons) occurred in the Cook Inlet region. Most spills (87%)
involved refined oil products; these spills accounted for about 90% of the total
volume discharged. Only 6,000 gallons of crude oil were reported spilled in the
region from 1998 to 1999 (ADEC 2001).

Figures reported to ADEC include spills onshore as well as discharges into the
marine environment. The effects of these small spills depend on such variable
factors as the volume of the discharge, its toxicity and persistence in the
environment, the time of year the spill occurred and the significance of the affected
environment in the life history of species of concern.

2.2.7 Road Building and Urbanization

Community growth and urbanization often go hand in hand with loss of water
quality and fisheries habitat. The greatest concentration of roads, subdivisions, and
other aspects of increased urbanization affecting the GEM region are within the
Municipality of Anchorage and on the west side of the Kenai Peninsula. [l
[SESHSIEEMN [n 1999, the Kenai Peninsula Borough approved plats for
250 subdivisions. Most of the subdivisions were small, but a few were 40 acres or
more. The borough recently initiated a road-permitting program that will address
placement and design of new roads.

Continued expansion of urban areas and resulting expansion of suburban
zones inevitably degrade habitat. Changes in land surfaces can change entire
hydrologic systems and add to water pollution problems. Urban growth leads to
increasing disposal of human wastes. Even treated wastes may lead to changes in
species composition and productivity in watersheds, estuaries, and nearshore
areas.

Increased areas of impervious surfaces through new roads and subdivisions
usually increase stormwater runoff. Stormwater runoff is the largest single source
of pollution in Alaska and is caused by runoff and erosion from pavement, parking
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lots and ditches, commercial and residential construction, and septic systems.
Thirty-eight percent of the sites on a 1998 state list of polluted water are affected by
such community runoff. The pollutants include chemicals, bacteria, and excess soil.

Increased stormwater runoff tends to lower base flows in streams and increase
peak flows. Stream macroinvertebrates (large animals that lack backbones) and
fish populations are sensitive to these changes. As part of its stormwater discharge
permit through ADEC, the Municipality of Anchorage is mapping the impervious
surfaces within its area and studying the response of stream macroinvertebrates.
Under a U.S. Environmental Protection Agency (EPA) 319 grant from ADEC, the
U.S. States Department of Agriculture Cooperative Extension Service is also
studying the effects of impervious surfaces. A pilot project is planned for the
Anchorage area, and if successful, the methodology may be applied to other areas
in the future.

Increased urbanization also results in filling wetlands, which play an important
ecological role in filtration for water quality and stormwater protection. The
Municipality of Anchorage has a wetlands plan, with high- and low-value
wetlands identified. There is no plan delineating the extent of wetlands and
analyzing their function and values for the rest of the region, however. [§

Human access to streams increases as the number of miles of road increases.
Trampling of stream banks, changes in stream configuration created by culverting
of roads, reduction in riparian zone vegetation, and a multitude of other problems
created by road building and access lead to aquatic habitat degradation and loss of
basic productivity. Increased human access to small
rivers and streams containing relatively large animals

Human access to str ean?s such as salmon and river otters also usually leads to loss
e e {.0 degradat/on of aquatic species through illegal taking, despite the best
of aquatic habitat.

efforts of law enforcement. Indeed, limitations in budgets
usually lead resource management and protection
agencies to focus scarce resources on sensitive areas during critical seasons, leaving
degradation to take its course in less sensitive locations.

2.2.8 Contaminants and Food Safety

The presence of industrial and agricultural contaminants in aquatic
environments has resulted in worldwide concerns about potential effects on marine
organisms and on human consumers. Polyaromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs), and organochlorine pesticides, such as
dichlorodiphenyltrichloroethane (DDT) and its derivatives, are distributed around
the world in marine and coastal waters and in the rivers and watersheds that feed
fresh water into these environments. Such pollutants can be transported great
distances by winds and ocean currents following their releases from industrial and
agricultural sources, most of them far from Alaska. In addition, mercury and other
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metals, such as inorganic arsenic, cadmium, and selenium, are naturally present in
the environment at low concentrations, but man-made sources can contribute
additional quantities to the environment.

The remoteness of the northern GOA from centers of industry and human
population might be expected to protect much of this region from deposition of
environmental contaminants. Nonetheless, there is limited evidence suggesting
wide geographic distribution of persistent organochlorines (DDT,
dichlorodiphenyldichloroethylene [DDE], PCB), other organic pollutants and heavy
metals in the Arctic, Subarctic, and areas adjacent to the GOA (Crane and Galasso
1999). For example, measurable amounts of organochlorines have been found in
precipitation, and fishes of the Copper River Delta, a tributary of the GOA that
forms the eastern boundary of PWS (Ewald et al. 1998).

A variety of geophysical pathways bring these materials into the GOA,
including ocean currents and prevailing winds. In particular, the prevailing
atmospheric circulation patterns transfer various materials as aerosols from Asia to
the east across the North Pacific (Pahlow and Riebsell 2000) where they enter the
marine environment in the form of rain. Some of these contaminants, such as PCBs
and DDT, can bioaccumulate in living marine organisms. For example, research
sampling of transient killer whales that had eaten marine mammals in PWS
indicated concentrations of PCBs and DDT derivatives that are many times higher
than those concentrations found in fish-eating resident whales. The sources of
these contaminants are not specifically known. It has been established, however,
that these contaminants are passed from nursing female killer whales to their
calves.

There is also concern about the potential effects of contaminants on people,
especially those who consume fish and shellfish, waterfowl, and marine mammals.
At higher levels of exposure, many of the chemicals noted above can cause adverse
effects in people, such as the suppression of the immune system caused by PCBs.

The State of Alaska does not monitor environmental pollutants in the marine
environment or in marine organisms on a regular basis, although federal funding
for a joint federal-state-Native initiative has been requested from Congress. iOIEa
SRS WS REAGHHOHEORAg Similarly, there is no ongoing
program for sampling food safety in subsistence resources in coastal communities,
although the oil spill provided the opportunity to sample subsistence resources for
hydrocarbons in the affected areas from 1989 through 1994.

2.2.9 Global Warming

Although driven by forces outside the control of Alaska’s natural resource
managers, global warming is an essential consideration for development and
implementation of the GEM program. The earth’s climate is predicted to change
because human activities-the combustion of fossil fuels and increased agriculture,
deforestation, landfills, industrial production, and mining-are altering the chemical
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composition of the atmosphere through the buildup of greenhouse gases These
gases are primarily carbon dioxide, methane, and nitrous oxide Their heat-
trapping property 1s undisputed, as 1s the fact that global temperatures are rising
Observations collected during the last century suggest that the average land surface
temperature has risen 0 45° to 0 6° C in the last century Precipitation has mcreased
by about 1% over the world’s continents n the last century, with high-latitude
areas tending to see more significant increases in ramfall and ri1sing sea levels This
mcrease 1s consistent with observations that indicate the northern GOA seasurface
temperature has mcreased by 0 5° C since 1940 andipreerpitation’s]

Increasing concentrations of greenhouse gases are likely to accelerate the rate of
climate change The changes seen mn the northern GOA and therr relationship to
other warming and cooling cycles in the North Pacific and the combined effects on
global climate are important for understanding how humans affect biological
production Some populations of fish and marme mammals that show longtime
trends, up or down, or sharp rapid changes in abundance, are actively managed
through harvest restraints The extent to which harvest restramnts may be effective
in establishing or altering trends i abundance of exploited species can only be
understood within the context of climate change
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3. LINGERING EFFECTS
OF THE EXXON VALDEZ OIL SPILL

In This Chapter
» Description of the Exxon Valdez o1l spill
» Background of restoration funding

» Concerns and how they are being addressed

On March 24, 1989, the T/V Exxon Valdez ran aground on Bligh Reef in PWS,
spilling almost 11 million gallons of North Slope crude o1l The event was the
largest tanker spill .n U S history, contaminating about 1,500 miles of Alaska’s
coasthne, killmg birds, mammals and fish, and disrupting the ecosystem 1n the
path of the spreading o1l

In 1991 Exxon Corporation agreed to pay the Unuted States and the State of
Alaska $900 mullion over 10 years to restore, replace, enhance, or acquire the
equivalent of natural resources injured 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 Trustee Council was formed to
adminster the restoration funds Twelve years after the spill, total recovery has still
not been achieved

There are two main concerns about the lingering effects of oiling from the 1989
EVOS The first 1s the potential effect of pockets of residual o1l in the environment
Laboratory studies have shown that contact with petroleum hydrocarbons from
weathered o1l, even 1n very small amounts, can kill or
harm early Iife stages of pink salmon and Pacific herring Long-term environmental
It 1s not yet known, however, whether such effects are monitoring and ecosystem studies

actually occurring to any sigruficant degree m PWS or at will be designed to increase
other localities with residual o1l Tissue samples from our understanding of
higher vertebrates, such as sea otters and harlequmn the biological processes of
ducks, also mdicate possible ongoing exposure to the spill area ecosystem in
petroleum hydrocarbons in PWS The effects of this the context of natural forces
exposure are not well established at the level of and human activities

individual animals or at the population level

The second concern 1s the ability of populations to fully recover by overcoming
the demographic effects of the mmtial o1l-related mortalities and the mteraction of
these effects with the effects of other kinds of changes and disturbances 1n the
marine ecosystem Sea otters around northern Knight Island are an example of a
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species that have experienced prolonged demographic effects in the heavily oiled
western portion of PWS The combined effects of the o1l spill and the 1998 EI Nifio
event on common murres in the Barren Islands 1s an example of possible
interactive, or cumulative, impacts The implication of changes 1n the availability
of forage fishes on recovery of seabirds, such as the pigeon guillemot, from the
effects of the o1l spill 1s another example

Studies of lingering o1l spill mjury and recovery will be drawn to a conclusion
in the near term and, increasingly, replaced by long-term environmental
monrtoring and ecosystem studies The latter studies will be designed to increase
our understanding of the biological processes of the spill area ecosystem 1n the
context of natural forces and human activities
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United States of America and State of Alaska 1991 Memorandum of agreement
and consent decree, A91-081 CIV
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4. BUILDING ON THE LESSONS OF THE PAST

In This Chapter
> Background on other relevant programs
» Studies supported by Trustee Council funding

» Relationship of GEM monitoring activities to the GLOBEC program concepts

The GEM program 1s not the first attempt to look at large areas of Alaska’s
marine ecosystems from a broader perspective A number of other programs,
including the Exxon Valdez O1l Spill Restoration Program, provide valuable
guidance

As explamned 1n the previous chapter, long-term environmental monitormg and
ecosystem studies will be designed to increase our understanding of the biological
processes of the spill area ecosystem i the context of natural forces and human
activities

The Alaska Regional Marine Research Plan (ARMRP)
N 4 1 Alaska Regional (ARMRB 1993) 15 a marine science planning
Marine Research Plan  document with a broad geographic scope that was
(1993) prepared under the US Regional Marine
Research Act of 1991 For all marine areas of
Alaska, mcluding the GOA, the plan provided five elements of mterest to the GEM

program

1 An overview of the status of marme resources,

2 Anmventory and description of current and

anticipated marine research

Goals of other major
3 A statement of short- and long-term marine programs are relevant
research needs and priorities to the GEM effort

4 An assessment of how the research and
monitoring activities under the program take advantage of existing
projects, and

5 Descriptions, time tables, and budgets for research and monitoring to be
conducted under the program

ARMRP goals express the scientific needs of the Alaska region as of 1992 and are
still relevant to the GEM effort because they will accomplish the following

J
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* Distinguish between natural and human-induced changes in marimne
ecosystems of the Alaska region,

* Distinguish between natural and human-mnduced changes in water quality
of the Alaska Region,

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

* Provide a forum for enhancing and mamtaming broad discussion among
the marmne scientific community on the most direct and effective way to
understand and address 1ssues related to mamntaming the health of the
water quality and ecosystem health i the region

The Bering Sea has recerved a good deal of

4.2 Bering Sea attention because of to concern about long-term
Ecosystem Research declines m populations of high-profile species
Plan (1998) such as king and tanner crab, Steller sea lions,

spectacled eider, Steller’s exder, common murres,
thick-billed murres, and red-legged and black-legged kittiwakes (DOI et al 1998b)
The GEM mussion statement 1s consistent with the vision of the federal-state
regulatory agencies for the Bering Sea Ecosystem Research Plan (DOI et al 1998a),
which follows “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

* Natural variability in the physical environment causes shifts mn trophic
(food web) structure and changes in the overall productivity of the Bering
Sea

= Human impact leads to environmental degradation, mcluding mncreased
levels of contaminants, loss of habitats, and increased mortality on certain
species in the ecosystem that may trigger changes m species composition
and abundance

In addition, four of the research themes of the Bering Sea plan-variability and
mechanisms mn the physical environment, individual species responses, food web
dynamuics, and contaminants and other introductions--are closely aligned with the
conceptual foundation of the GEM program (see Chapter 6) Current research
programs for the Bering Sea (DOI et al 1997) often overlap with the programs
identified 1n the database of ongomg and historical GOA projects (discussed n
Chapter 9, Section 4)
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O Ecological knowledge gained i the years

4.3 Scientific Legacy of following the 1989 EVOS forms a substantial

the Exxon Valdez Oil portion of the foundation of the GEM program

Spill (1989 to 2002) The recovery status of each affected resource
(Table 1) 1s based to the extent possible on
knowledge of the resource role in the ecosystem The Trustee Council’s scientific
legacy creates the need to understand the causes of population trends m mdividual
species of plants and animals through time and the need to separate human effects
from those of clumate and interactions with related species

Table 1 Status of Resources Injured by the Exxon Valdez Ol Spill

as of March 1999

Not Recovering Recovering Recovered Recovery Unknown

Common loon Archaeological Bald eagle Cutthroat trout
resources

Cormorants Black oystercatcher River otter Designated Wilderness

(3 species) Areas

Harbor seal Clams Dolly Varden

Harlequin duck Common Murre Kitthtz s murrelet

Killer whale (AB pod)  Intertidal communities Rockfish

Pigeon guillemot

Marbled murrelet

Mussels
2 Pacific herring
k\u 4 Pink salmon
Sea ofter
Sediments

Sockeye salmon
Subtidal communities

The following injured human services are considered to be recovering commercial fishing
passive use recreation and tourism and subsistence

The studies supported by the Trustee Council since 1989 mmclude 164 damage
assessment studies costing more than $100 million, as well as hundreds of
restoration studies costing approximately $167 million These studies have resulted
m more than 400 peer-reviewed scientific pubhications, including numerous
dissertations and theses In addition, hundreds of peer-reviewed project reports
are available through the Alaska Resources Library Information System (ARLIS)
and state and university library systems Many final reports are available in
electronic format through the Trustee Council offices or ARLIS A current
bibliography of pubhcations sponsored by the Trustee Council 1s available on 1ts
Web site (www oilspill state ak us) or on request to the Trustee Council A list of
Trustee Council projects as well as a complete hst of final and annual project
reports also 1s available on the Web site or on request
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In addition to much specific information on the effects of o1l on the plant and
animal Iife mn the spill area, the studies also provide a wealth of ecological
mformation Most promment 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 million for a seven-year period, SEA brought together a team of
scientists from many different disciplines to understand the biological and physical
factors responsible for producing herring and salmon in PWS When completed,
the data collected during SEA are expected to form the basis of numerical models
capable of stmulating the oceanographic processes that influence the survival and
productivity of juvenile pink salmon and herring in PWS SEA has already
provided new msights mto the critical factors that influence fisheries production,
including ocean currents, nutrient levels, mixing of water masses, salmity, and
temperatures These observations have made 1t possible to model how physical
factors mfluence production of plant and animal plankton, prey, and predators in
the food web

The Nearshore Vertebrate Predator (NVP) project is a 6-year, $6 5 mullion study
of factors imiting recovery of two fish-eating species, river otters and pigeon
guillemots, and two invertebrate-eating species that inhabit 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 in the recovery of these
mdicator species, and has contributed to increased understanding of the linkages
between terrestrial and marine ecosystems (see Chapter 6, Section 2)

The Alaska Predator Ecosystem Experiment (APEX) 1s an 8-year, $10 8 million
study of ecological relations among seabirds and their prey species The APEX
project explored the critical connection between productivities of marine 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

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

* Physical and biological oceanography,

* Marme food web structure and dynamucs,

* Predator-prey relationships among birds, fish, and mammals,
* The source and fate of carbon among species

* Developmental changes in trophic level within species,

* Marme growth and survival of salmon,

* Intertidal community ecology, and

24
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* Early Iife history and stock structure m herring

Many of these studies have focused on key mndividual species mjured by the o1l
spill, including pink and sockeye salmon, cutthroat trout, Pacific herring, black
oystercatchers, river otters, harbor seals, mussels, and kelp

One of the most extensive series of single-species imnvestigations, for example, 1s
the $14 mullion suite of pink salmon studies These include monitorig 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 million has been spent on the restoration of Pacific herrmg m addition
to the funding for the herring component of SEA Since the crash of 1993, the
population has yet to recruit a highly 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

More than $5 million has been spent on the restoration of marme mammals,
primarily harbor seals, a major source of subsistence food in the diet of Native
Alaskans m the northern GOA Harbor seal populations were declining before the
spill, took a big hit at the time of the spill event, and have continued to dechne ever
since, 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

The Scientific Commuttee on Oceanic Research
4 4 GLOBEC (1991 to (SCOR) and the Intergovernmental

Present) Oceanographic Commussion (IOC) established the

Global Ocean Ecosystem Dynamics (GLOBEC)
program in 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 marme populations The program

focuses on the regulatory control of zooplankton dynamics on the biomass of many
fish and shellfish

The GLOBEC Science Plan (US GLOBEC 1997) describes an approach that uses
a combination of field observations and modeling to concentrate on the middle and
upper trophic levels of the ecosystem The GLOBEC goal is as follows “To
advance our understanding of the structure and functioning of the global ocean
ecosystem, 1ts major subsystems, and 1ts response to physical forcing so that a
capability can be developed to forecast the responses of the marine ecosystem to
global change ”

The overarching concept 1s that marine and terrestrial ecosystems have close
connections among energy flow, chemical cycling, and food web structure GEM
monttoring activities will be consistent with these additional GLOBEC concepts
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/

\_ * Changes m abundances of birds, fish, shellfish, and mammals (hugher
trophuc levels) usually reflect changes mn physical and chemuical processes,

AN

» The actual effects on abundances of higher trophic level animals may
depend on how these physical and chemucal changes act on food
production through effects on lower trophic level species,

* Changes in the dommant species at each trophic level are consistent with
changes 1n the physical and chemical systems, and

*  Understanding how the dommant species at each trophic level change
through time requires knowledge of the energy and nutrient budgets of the
ecosystem

4.5 References

ARMRB 1993 Alaska Regional Marme Research Board, Alaska research plan
School of Fisheries and Ocean Sciences, University of Alaska Fairbanks

DOI, NOAA, and ADF&G 1997 Bering Sea ecosystem workshop report
Anchorage, Alaska, December 4-5, 1997 Alaska Department of Fish and
Game Anchorage

(\\ DOI, NOAA, and ADF&G 1998a Draft Bering Sea ecosystem research plan Alaska
N Department of Fish and Game, Commercial Fisheries Division Juneau

DOI, NOAA, and ADF&G 1998b Bering Sea ecosystem - a call to action Alaska
Department of Fish and Game, Commercial Fisheries Division Juneau

US GLOBEC 1997 Global Ocean Ecosystems Dynamics (GLOBEC) science plan
IGBP Secretariat, The Royal Swedish Academy of Sciences Stockholm,
Sweden
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5. SCIENTIFIC BACKGROUND

In This Chapter
» Description of the scientific understanding of the Gulf of Alaska
» Identification of physical, chemical, and biological characteristics

» Daiscussion of changes i populations, predators, and prey

The GOA encompasses watersheds and waters
51 The Gulf of Alaska  south and east of the Alaska Penmsula from Great

Sitkin Island (176° W), north of 52° N to the
Canadian mamland on Queen Charlotte Sound (127° 30' W) Twelve and a half
percent of the continental shelf of the United States hes within GOA waters (Hood
1986)

The area of the GOA directly affected by the EVOS (Figure 2) encompasses
broadly diverse terrestrial and aquatic environments Withm 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 mteract to produce the highly valued
natural beauty and bounty of this region

Human uses of the GOA are extensive The GOA 1s a major source of food and
recreation for the entire nation, a source of traditional foods and culture for
mdigenous 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 habatat for diverse
populations of plants, fish, and wildlife and 1s a source of beauty and mspiration to
those who love natural things

The eastern boundary of the GOA 1s 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 sertes of steep, high mountain ranges Glaciers head many watersheds mn this
area, and the eastern boundary mountains trap weather systems from the west,
making orographic, or mountam-directed, forcing important in shaping the
region’s climate From the southeastern GOA Iimit (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
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GOA headwaters 1s formed i the north by the Alaska Range and to the south-
southwest by the Aleutian Mountams (7,585 ft)

Relatively few major river systems manage to pierce the eastern boundary
mountains, although thousands of small independent drainages dot the eastern
coastline and 1slands of the Inside Passage Major eastern rivers from the south
moving north to the perimeter of PWS are the Skeena and Nass (Canada), the
Stikine, Taku, Chilkat, Chilkoot, Alsek, Situk, and Copper All major and nearly all
smaller watersheds 1n the GOA region support anadromous fish species For
example, although PWS proper has no major river systems, it does have more than
800 mndependent 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, origmate on the Kenai Peninsula The Kenai
Peninsula lies between PWS, the northern GOA and Cook Inlet Cook Inlet’s
largest northern tributary, the Susitna River, has headwaters in the Alaska Range
on the slopes of North America’s hughest peak, Mt McKinley Moving southwest
down the Alaska Peninsula, 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, mcludmg the
Karluk, Red, and Frazer

The nature of the terrestrial boundaries of the GOA 1s important in defining the
processes that drive brological production 1n all environments As described n
more detail below, the 1ce cap and the eastern boundary mountains create
substantial freshwater runoff that controls salmity in the nearshore GOA and helps
drive the eastern boundary current The eastern mountamns slow the pace of and
deflect weather systems that mfluence productivity in freshwater and marine
environments

The GOA shoreline 1s bordered by a continental shelf ranging to 200 meters (m)
m depth (Figure 3) 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 n width from Cape Spencer to Middleton Island
It broadens considerably in the north between Middleton Island and the Shumagin
Islands and narrows agam through the Aleutian Islands The continental slope,
down to 2,000 m, 1s very broad in the eastern GOA, but 1t narrows steadily
southwestward of Kodiak, becoming only a narrow shoulder above the wall of the
deep Aleutian Trench just west of Unimak Pass The continental shelf 1s 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 morames and
slumped sediments (Molnia 1981)
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Figure 3. 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.)
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5.2 Climate 5.2 1 Introduction

The weather 1n the northern GOA, and by
extension that of adjacent regions such as PWS, 1s
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 mto the cooler waters of the
GOA (Luick et al 1987, Wilson and Overland 1986) Eventually these storms make
landfall in Southcentral or South east Alaska where their further progress 1s
mpeded by the extreme terrain of the Saint Elilas Mountains and other coastal
ranges In fact, weather forecasters call the coastal region between Cordova and
Yakutat “Coffin Corner,” mn reference to the frequency of decaying extratropical
storms found there

The high probability of cyclonic disturbances in the northern GOA 1s significant
to the local weather and climate 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 or downslope (offshore-directed) wind events (Mackln et
al 1988) Further, because of the complex glacially sculptured nature of the terrain
m PWS, several regions experience significant upslope winds 1n certain favorable
storm situations This wind configuration, in concert with steep terrain and nearly
saturated, low-level air masses, produces the local extreme m precipitation
responsible for tidewater glaciers of PWS

The combination of general storminess, significant windimness (and concomitant
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, in combination with glacial ablation, 1s
responsible for the bulk freshwater mput into PWS In this context, any changes in
climate-naturally mnduced or anthropogenic-that substantively alter the frequency
and duration of these common yet transient weather features should also affect
related parts of the region ecosystem In the following discussion, the factors
responsible for climate change are 1dentified and explamed on a general level in
preparation for specific relationships among climate, physical, and chemucal
oceanography, species, and groups of species that follow Climate 1s recognized to
be a major natural force mfluencing change m biological resources

The GEM mussion 1s to promote, “  greater understanding of how its
productivity 1s mfluenced by natural changes and human activities” (EVOSTC
2000) Climatic forcing 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
actions, or anthropogenic forcing, may have profound effects on chmate There 1s
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growing evidence that human activities producing “greenhouse gases” such as
carbon dioxide may contribute to global climate change by altering the global
carbon cycle (Sigman and Boyle 2000, Allen et al 2000) Understanding how
natural and human forcing mfluences biological productivity requires knowledge
of the major determinants of chmate change described in this section

Climate m the GOA results from the complex mteractions of geophysical and
astrophysical forces, and also 1n part by biogeochemucal forcing Physical processes
acting on the global carbon cycle and 1ts living component, the biological pump,
drive oscillations 1n climate (Sigman and Boyle 2000) The most prominent
geophysical feature associated with chimate change in the GOA 1s the Aleutian Low
Pressure system (Wilson and Overland 1986) The location and intensity of this
system affects storm tracks, air temperatures, wind velocities, ocean currents and
other key physical factors in the GOA and adjacent land areas Sharp variations, or
oscillations, n the 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 in the location and intensity of the Aleutran
Low are related to movements of adjacent continental air masses and the jet stream
to oceanography and weather in the eastern tropical Pacific

Astrophysical forces contribute to long-term trends and periodic changes mn the
climate of the GOA by controlling the amount of solar radiation that reaches earth,
or msolation (Rutherford and D'Hondt 2000) Clmmate also depends on the amount
of global mnsolation and the proportion of the msolation stored by the atmosphere,
oceans, and biological systems (Sigman and Boyle 2000) Changes mn chimate 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 1n the earth’s solar orbit, the speed of rotation and
orientation of the earth, and the degree of inclination of the earth’s axis mn relation
to the sun result in periodic changes m climate and associated biological activity

Understanding chimatic change requuires sorting out the effects of physical
forcing factors that operate simultaneously at different periods Periodicities of
physical forcing on factors potentially controlling chimate 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)
identified pertods of 50 and 20 years m an analysis of the North Pacific Index (NPI)
(Figure 4 (Minobe 1999)) The NPI 1s a time series of geographically averaged sea-
level pressures representing a univariate (depending on only one random variable)
measure of location for the Aleutian Low (Trenberth and Hurrel 1994)
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Figure 4. Filtered NPI (top) in the winter-spring, winter, and spring seasons. NPI is
shown in hectoPascals, a measure of barometric pressure at sea level. The green curves
indicate the 10- to 80-year, band-pass filtered NPI data; the red curves indicate the 10- to
30-year, band-pass filtered (bidecadal filtered) NPI data, and the blue curves indicate the
30- to 80-year, band-pass filtered NPI data. reference needed
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Advances and retreats of 1cefields and glaciers mark major changes m weather
and biology Changes in 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 2 million years (Hays et al 1976) The amount
of solar radiation reaching earth changes periodically, or oscillates, in response to
variations 1n 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 important
questions 1n paleoeclimate research (Hays et al 1976, Rutherford and D'Hondt
2000)

5 2 2 Long Time Scales

5.2.2 1 Orbital Eccentricity and Obliquity

Shifts mn the periodicity of glaciation from 41,000 to 100,000 years between 15
and 0 6 mullion years before present (Myr bp) emphasize the importance of the
atmosphere and oceans 1n translating the effects of physical forcing mnto weather
cycles Glacial cycles may have mitially shifted from the 41,000-year period of the
“obliquity cycle” to the 100,000-year period of the “orbital eccentricity” perhaps
caused mitially by changes n the heat flux, from the equator to the higher latitudes
(Rutherford and D'Hondt 2000) (Obliquity 1s 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
15and 06 Myr bp Transitions from glacial to mterglacial periods may be
triggered by factors such as the micronutrient iron (Martin 1990) that control the
actvity of the biological pump m the Southern Ocean, described below

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

5.2.2 2 Day Length

Day length 1s increasing by one to two seconds each 100,000 years primarily
because of lunar tidal action (U S Naval Observatory [USNO]) Understanding the
role of day length 1n climate 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 (USNO) Short-term effects are probably
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mconsequential biologically, because variations mn daily rotational speed are very
small, but cumulative effects could be more substantial in the long term

5.2.2.3 Carbon Cycling and the Brological Pump

Changes in the amount of solar radiation available to drive physical and
biological systems on earth are not the only causes of climate oscillations n the
GOA, or elsewhere mn earth Of critical importance to hfe on earth, changes in
msolation result in changes 1n the amount of a “greenhouse gas,” carbon dioxide in
the atmosphere resulting from changes m physical properties, such as ocean
temperature, and due to biological processes collectively known as the biological
pump (Chisholm 2000) The mmportance of the biological pump in determimning
levels of atmospheric carbon dioxide 1s thought to be substantial, since the direct
physical and chemical effects of changes mn msolation on the carbon cycle alone
(Sigman and Boyle 2000) (Figure 2) are not sufficient to account for the magmtude
of the changes i atmospheric carbon dioxide between major cimate changes, such
as glaciations

The Biological Pump Photosynthesis and respiration by marine plants and
animals play key roles in the global carbon cycle by “pumping” carbon dioxide
from the atmosphere to the surface ocean and incorporating it mnto organic carbon
during photosynthesis Organic carbon not liberated as carbon dioxide during
respiration 1s “pumped” (exported) to deep ocean water where bacteria convert 1t
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 1s “pumped” back into the atmosphere or “pumped”
back mnto deep water depends on the mtensity of the photosynthetic activity, which
depends on availability of the macronutrients phosphate, nutrate, 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
mucronutrient 1ron, the biological pump of the Southern Ocean becomes very
strong because of the presence of ample nutrate and phosphate to fuel
photosynthesis, as demonstrated by the Southern Ocean 1ron release experiment
(SOIREE) at 61° S 140° E m 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 1t has not been demonstrated
that “1ron fertilization” mcreases export of carbon to deep waters (Chisholm 2000),
1t clearly does enhance surface production The Southern Ocean and much of the
GOA share the quality of being “high nitrate, low chlorophyll” (HNLC) waters, so
1t 1s tempting to speculate that iron would play an important role in controlling
production, 1f not export production, in the GOA
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FIGURE 5
THIS FIGURE IS STILL BEING DEVELOPED

36 PART II, CHAPTER 5



GULF ECOSYSTEM MONITORING AND RESEARCH PLAN

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 2), as influenced and represented by the physical and chemical factors of
ocean temperature, dissolved morganic carbon, ocean alkalimity, and the deep
reservorr 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 1s that the biological pump 1s stronger during glaciations But why
would the biological pump be stronger during glaciations?

Two leading theories explam decreases in atmospheric carbon dioxide by
means of mcreased activity in the ocean’s biological pump during glaciations
(Sigman and Boyle 2000) Both theories explain how increased export production
of carbon from surface waters to long-term storage i deep ocean waters can lower
atmospheric carbon dioxide during glacial pertods The Broecker theory develops
mechanisms based on mcreasing export from low- to mid-latitude surface waters
(Broecker 1982, McElroy 1983), and the second theory relies on high-latitude export
production of direct relevance to the GOA Patterns and trends m nutrient use in
high-latitude oceans, such as the GOA, where nutrients usually do not lrmit
phytoplankton production, could hold the key to understanding climate
oscillations

5.2 2 4 Ocean Circulation

Because of the heat energy stored in seawater, oceans are vast mtegrators of
past climatic 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 in turn strongly feed back mnto chmate
Deep ocean waters driven by thermohaline circulation 1n the Atlantic and southern
oceans influence air temperatures over these portions of the globe by transporting
and exchanging large quantities of heat energy with the atmosphere (Peixoto and
Oort 1992) Patterns of thermohalme (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
determme the duration and mtensity of chimate change (Ganopolski and Rahmstorf
2001) Although the chmate of the GOA 1s not directly affected by thermohaline
circulation, climate m the GOA 1s influenced by thermohaline circulation through
climatic Iinkages to other parts of the globe

Teleconnection between North Pacific and the Tropical Pacific can periodically
strongly influence levels of coastal and mterior precipitation Because changing
patterns 1n precipitation alter the expression of the ACC (Figure 6), which 1s largely
driven by runoff (Royer 1981a), periodically changing weather patterns such as the
Pacific Decadal Oscillation (PDO) and the El Niiio Southern Oscillation (ENSO) can
profoundly alter the circulation and biology of the GOA (See Section5223)
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The effects of the cool ACC and the warmer Alaska Stream moderate air
temperatures GOA ocean temperatures are important mn determining 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 influenced waters of the ACC moderate air
temperatures along the coast, the strength and stability of the ACC are important in
determining climate

5.2.3 Multi-decadal and Multi-annual Time Scales

5.2.3.1 Precession and Nutation

Short period changes 1n the seasonal and geographic distribution of solar
radiation are also due to changes 1n the earth’s orientation and rotational speed
(day length) (Lambeck 1980) Wobbling (precession) and nodding (nutation) of the
earth as 1t spins on 1ts 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 1n 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 1ts effect on day length,
lunar tidal forcing with a period of 18 6 years has been associated with hugh-
latitude climate forcing, periodic changes mn intensity of transport of nutrients by
tidal mixing, and periodic changes 1n fish recruitment (Royer 1993, Parker et al
1995) Biological and physical effects of the lunar tidal cycle may extend beyond
effects associated with tidal mixmg About one-third of the energy mput to the sea
by lunar forcing serves to mix deep-water masses with adjacent waters (Egbert and
Ray 2000) Oscillations 1n the lunar energy mput could contribute to oscillations in
biological productivity through effects on the rate of transport of nutrients to
surface waters The lunar tidal cycle appears to be approximately synchronous
with the PDO

Contemporary climate m the GOA 1s defined by large-scale atmospheric and
oceanic circulation on a global scale Two periodic changes mn ocean and
atmospheric conditions are particularly useful for understanding change n the
climate of the GOA, the PDO and the ENSO Although weather patterns in the
Arctic and north Atlantic are also correlated with weather 1n the North Pacific,
these relations are far from clear The PDO, ENSO, and other patterns of climate
variability combine to give the GOA a variable and sometimes severe climate that
serves as the incubator for the winter storms that sweep across the North American
continent through the Aleutian storm track (Wilson and Overland 1986)
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Increased understanding of the PDO has been made possible by simple yet
highly descriptive indices of weather, such as the NPI These indices are discussed
below Changes in the annual values of these indices led to the realization that
weather conditions in 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
climatic and oceanographic regime shifts are associated with similarly rapid
changes 1n the animals and plants of the region that are of vital interest to
government, industry, and the general public

5 2 3 2 Pacific Decadal Oscillation

The PDO and associated phenomena appear to be major sources of
oceanographic and biological variability (Mantua et al 1997) Associated with the
PDO are three semi-permanent atmospheric pressure regions dommnating chmate
in the northern GOA-~the Siberian and East Pacific high-pressure systems and the
Aleutian Low pressure system These regions have variable, but characteristic,
seasonal locations A prominent feature of the PDO and the chmate of the GOA 1s
the Aleutian Low, for which average geographic location changes periodically
during the winter Wmtertime location of the Aleuttan Low affects ocean
circulation patterns and sea-level pressure patterns It 1s characteristic of two
climatic regimes a southwestern locus called a negative PDO regime (1 e,1972)
and a northeastern locus called a positive PDO (1977) (Figures 7 and 8) 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 pressure system averages
about 1,002 millibars (Favorite et al 1976), 1s most intense 1n winter, and appears to
cycle 1n 1ts average position and intensity with about a 20- to 25-year period
(Rogers 1981, Trenberth and Hurrel 1994)
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The PDO 1s studied with multiple indices, including the anomalies of sea level
pressure (as in the NPI, which 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 positive (warm) and negative (cool) states (Figures 9
and 10) In decades of posttive PDOs, below-normal sea surface temperatures
occur 1n the central and western North Pacific and above normal temperatures
occur n the GOA An intense low pressure 1s 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 NPI 1s the
anomaly, or deviation from the long-term average, of geographically averaged sea-
level pressure 1n the region from 160 E to 140 W, 30 to 65 N, for the years 1899 to
1997 (Trenberth and Hurrel 1994, Trenberth and Paolino 1980) The NPI was used
to 1dentify 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 mteractions of short
(20-year) and long (50-year) period effects on the timimng of regime shifts (Anderson
and Munson 1972) 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 et al 1997, Mimnobe 1997) Mmobe's analysis of the NPI
identified a characteristic S-shaped waveform with a 50-year period (smusoidal
pentadecadal) (Figure 4) (Anderson and Munson 1972) His analysis pomnted out
that rapid transitions from one regmme to another could not be fully explamed by a
sigle sinusoidal-wavelike effect The speed with which regime shifts occurred in
the twentieth century led Mimobe to suggest that the pentadecadal cycle 1s
synchronized or phase locked with another climate variation on a shorter bidecadal
time scale (Anderson and Munson 1972)

In addition to pertodic and seasonal changes, there 1s evidence that the
Aleutian storm track has shifted to an overall more southerly position during the
twentieth century (Richardson 1936, Klein 1957, Whittaker and Horn 1982, Wilson
and Overland 1986)

/
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Figure 9. 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.
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5.2 3.3 El Niiio Southern OscillationThe ENSO 1s a weather pattern (Is ENSO
really a weather pattern or an ocean/ pressure pattern?) originating in the
equatorial Pacific with strong mfluences as far north as the GOA (Emery and
Hamulton 1985) ENSO i1s marked by three states warm, normal, and cool (Enfield
1997) See Figure 11 Under normal conditions, the water temperatures at the
continental boundary of the eastern Pacific are around 20 C, as cold bottom waters
(8 C) mix 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 continental boundary becomes smaller and smaller as warm water
masses (20 Cto 30 C) from the west move on top of them, and the sea level starts
tornise At full El Nifio, increases 1n the surface water temperatures of as much as
54 Chave been observed very close to the coast of Peru El Nifio also brings a sea
level rise along the Equator 1n the eastern Pacific Ocean of as much as 34
centimeters, as warm buoyant waters moving in 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 (Figure 11)
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Figure 11. Pacific Ocean Reynolds monthly sea surface temperature (SST) in
degrees Celsius during La Nifia (top), El Nifio bottom), and normal (middle) ENSO
events. Source: Tropical Atmosphere Ocean Project Office, Pacific Marine
Environmental Laboratory, National Oceanic and Atmospheric Administration,
available at <http://www.pmel.noaa.gov/toga-tao/el-nino/la-nina-pacific.html>. also
use Martin reference? (Martin 1997) http://www.pmel.noaa.gov/toga-tao/el-nino/la-
nina-pacific.htmi
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The ENSO has effects in some of the same geographic areas as PDO, but there
are two major differences between these patterns First, 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, mcluding the GOA The simultaneous occurrence of two major weather
patterns m one location 1llustrates Minobe’s point that multiple forcing factors with
different characteristic frequencies must be operating simultaneously to create

regume shfts (Figure 4)
The role of marme mputs to the watershed phase

5.3 Manine-Terrestrial  of regional biogeochemical cycles has been
Connections recogmzed for some time (Mathisen 1972) The

following species have been found to transport
marine nutrients within watersheds

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

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

» Opportunistic scavengers as riverme mink (Ben-David et al 1997a), wolf
(Szepanski et al 1999), and martens (Ben-David et al 1997b)

In theory, any terrestrial bird or mammal species that feeds in the marme
environment, such as harlequin duck or black-tailed deer, 1s a pathway to the
watersheds for marine nutrients Species that transport marimne nutrients play
mmportant roles i supporting a wide diversity of other fauna and flora, as
determmed from levels of marine nitrogen 1n juvenule fish, invertebrates, and
aquatic and riparian plants (Bilby et al 1996, Piorkowski 1995, Ben-David et al
1998a, 1998b) In studies of a small Alaska stream containing chinook salmon,
Piorkowski (1995) supported the hypothesis that salmon carcasses can be important
m structuring aquatic food webs In particular, microbial composttion and
diversity determine the ability of the stream ecosystem to use nutrients from
salmon carcasses, a principal source of marme nitrogen

The role of marine nutrients in watersheds 1s key to understanding the relative
mmportance of climate and human-imnduced changes 1 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,
Piorkowski 1995, Finney et al 2000) may be confused with the effects of fisheries
mterceptions or marme chimate trends Comparison of anadromous fish-bearing
streams to non-anadromous streams has demonstrated differences in productivities
related to marine nutrient cycling Import of marme nutrients and food energy to
the lotic (flowing water) ecosystem may be retarded 1n systems that have been
denuded of salmon for any length of time (Piorkowski 1995)
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Paleoecological studies (which focus on ancient events) in watersheds bearing
anadromous species can shed light on long-term trends in marme productivity
Use of marme nitrogen n sediment cores from freshwater spawning and rearing
areas to reconstruct prehistoric abundance of salmon offers some msights mto long-
term trends in climate, and mnto how to separate the effects of climate from human
mmpacts such as fishing and habitat degradation (Finney 1998)

Watershed studies linking the freshwater and marme portions of the regional
ecosystem could pay mmportant benefits to natural resource management agencies
As agencies grapple with implementation of ecosystem-based management,
conservation actions are likely to focus more on ecosystem processes and less on
smgle species (Mangel et al 1996) In the long-term,

protection of Alaska’s natural resources will require As agencies grapple with
extending the protection now afforded to single species, implementation of

such as targeted commercially important salmon stocks, to ecosystem-based management.
ecosystem functions (Mangel et al 1996) In process- conservation actions are hkely
oriented conservation (Mangel et al 1996), production of to focus more on
ecologically central vertebrate species 1s combined with ecosystem processes and
measures of the production of other species and measures of less on single species

energy and nutrient flow among trophuc levels to identify

and protect ecological processes such as nutrient transport Applications of
ecological process measures in Alaska ecosystems have shown the feasibility and
potential importance of such measures (Khine et al 1990, Kline et al 1993, Mathisen
1972, Prorkowsk1 1995, Ben-David et al 1997a, 1997b, 1998a, 1998b, Szepanski et al
1999), as have applications outside of Alaska (Bilby et al 1996, Larkin and Slaney
1997)

5 4 Physical and 5.4 1 Physical Setting, Geology,
and Geography
Geological

Oceanography Coastal The GOA mncludes the continental shelf, slope,

and abyssal plain of the northern part (north of
Boundaries and Coastal 50° N) of the northeastern Pacific Ocean It
and Ocean Circulation

extends 3,600 kilometers (km) westward from

127°30" W near the northern end of Vancouver
Island, British Columbia, to 176° W along the southern edge of the central Aleutian
Islands It includes a continental shelf area of about 3 7 x 105 km2 (110,000 square
nautical miles [Lynde 1986]) The area of the shelf amounts to about 17% of the
entire Alaskan contmental shelf area (2 86 x 106 km? total) and approximately 12 5%
of the total continental shelf of the United States (McRoy and Goering 1974) This
vast oceanic domain sustains a rich and diverse marine Iife that supports the
economic and subsistence hvelthood for both Alaskans and people iving 1n Asia
and North America The GOA 1s also an important transportation corridor for
vessels carrying cargo to and from Alaska and vessels traveling the Great Circle
Route between North America and Asia
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The high-latitude location and geological history of the GOA and adjacent
landmass strongly mfluence present-day regional meteorology, oceanography, and
sedimentary environment The northern extension of the Cascade Range, with
mountaimns 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 Peninsula m the western GOA and contains 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 seismucally active because 1t hes within the
converging boundaries of the Pacific and North American plates The motions of
these plates control the seismicity, tectonics, volcanism, and much of the
morphology of the GOA and make thus region one of the most tectonically active
regions on earth (Jacob 1986) Indeed, tectonic motion continuously reshapes the
seafloor through faulting, subsidence, landshdes, tsunamis, and so1l hquefaction
For example, as much as 15 m of uphift 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,
delwvery of terrestrial sediments to the ocean, and reworking of seabed sediments

Approximately 20% of the GOA watershed 1s 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 5 3) of the GOA The climate
setting includes high rates of precipitation and cool temperatures, especially at hugh
altitudes, that enhance the formation of the 1cefields and glaciers The 1cefields are
both a source and sk for the fresh water delivered to the ocean In some years the
glaciers gain and store the precipitation as ice and snow, 1n other years, the stored
precipitation 1s released mto the numerous streams and rivers draming mnto the
GOA Glacial scouring of the underlymg bedrock provides an abundance of fine-
gramned sediments to the GOA shelf and basimn (Hampton et al 1986) The major
mputs of glacial sediment are the Bering and Malaspina glaciers and the Alsek and
Copper rivers n 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
mulhions of years The GOA abyssal plain gradually shoals from a 5,000-m depth m
the southwestern GOA to less than 3000 m m 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 1n the Pacific hithospheric 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
provide important mesopelagic (middle depth of the open sea) habitat for pelagic
(open sea) and benthic (bottom) marimne organisms
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The continental shelf varies in width from about 5 km off the Queen Charlotte
Islands 1n the eastern GOA to about 200 km north and south of Kodiak 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 imncreasing in the westerly direction (Favorite 1974)
In the eastern Aleutians, most of the passes are shallow and narrow, the largest
bemng Amukta Pass with a maxmmal depth of 430 m and an area of about 20 km?
(Favorite 1974) Unumak Pass 1s the easternmost pass (of oceanographic
significance) 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 (Figure 12) 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 moramnes These
geological processes have also shaped the immensely complicated coastline that
mncludes numerous silled and unsilled fjords, embayments, capes, and 1sland
groups

The northwestern GOA mcludes several promment geological features that
mfluence the regional oceanography Kayak Island, which extends about 50 km
across the shelf east of the mouth of the Copper River, can deflect mner shelf
waters offshore Interaction of shelf currents with this 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 estuarme
system with characteristics of an mmland sea (Muench and Heggie 1978) The sound
communicates with the GOA shelf through Hinchinbrook Entrance i the eastern
sound and Montague Strait and several smaller passes in the western sound The
shelf 1s relatively shallow (about 125 m deep) south of Hinchinbrook 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 communicate directly with sound Central PWS 1s about
60 km by 90 km with depths typically mn excess of 200 m and a maximal depth of
about 750 m 1n 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 its rugged
coastline
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FIGURE 12

(Figure 1, from (Hampton et al. 1986) p. 97)
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Several silled fjords mdent the northern GOA coast, between PWS and Cook
Inlet Inner fjord depths can exceed 250 m, which are greater than the depths over
the adjacent shelf To the west of the Kenai Peninsula 1s Cook Inlet, which extends
about 275 km from 1ts mouth to Anchorage at its head The inlet 1s about 90 km
wide at 1ts 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 being so shallow that extensive
mudflats are exposed during low tides The bottom topography throughout the
mlet reflects extensive faulting and glacial erosion (Hampton et al 1986)

Atits mouth, Cook Inlet communicates with the northern shelf through
Kennedy Entrance, to the east, and with Shelikof Strait, to the west The latter1s a
200-km by 50-km rectangular channel between Kodiak Island and the Alaska
Peninsula with numerous fjords mndenting 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 Churikof
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 Shumagin and
Semudi 1slands

5 4 2 Atmospheric Forcing of GOA Waters

The climate over the GOA 1s largely shaped by three semi-permanent
atmospheric pressure patterns the Aleutian Low, the Siberian High, and the East
Pacific High (Wilson and Overland 1986) These systems represent statistical
composites of many individual pressure cells moving across the northern North
Pacific The chmatological position of these pressure systems varies seasonally, as
shown in Figure 13 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 California From May through September, the
Siberian High weakens and the East Pacific High migrates northward to about
40°N and attains 1ts greatest mtensity (hughest pressure) in June The seasonal
changes mn intensity 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, in summer, these systems are weaker and propagate along a more northerly
track across the Bering Sea and into the Arctic Ocean
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Figure 13. Typical summer (left) and winter (right) examples of the Aleutian Low
and Siberian High pressure systems. Contours are sea-level pressure in millibars.
(From Carter). need reference



GULF ECOSYSTEM MONITORING AND RESEARCH PLAN

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 continent
Additional formation regions occur 1n 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) Finally, the GOA can also be a region of
active cyclogenesis (low-pressure formation), particularly in winter when frigid air
spills southward over the frozen Bering Sea, the Alaska mainland, or both (Wmston
1955) Such conditions can be hazardous to marners 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) 1n the western and central GOA Once 1n the GOA, the coastal
mountains mhibit inland propagation, so that the storms often stall and dissipate
here Indeed, Russian marners 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 dramages that feed the GOA or, in winter, 1s stored in snowfields and
glaciers where 1t can remain for periods ranging from
months to years

Seasonal variations in

Seasonal variations 1n the intensity and paths of these the intensity and paths of
low-pressure systems markedly influence meteorological low-pressure systems
conditions m the GOA Of particular importance to the influence meteorological
marine ecosystem are the seasonal changes n radiation, conditions in the GOA

wind velocity, precipitation, and coastal runoff

The mncoming short-wave radiation that warms the sea surface and provides
the energy for marme photosynthesis 1s strongly affected by cloud cover
Throughout the year, cloud cover of more than 75% occurs over the northern GOA
more than 60% of the ttme (Brower et al 1988), and cloud cover of less than 25%
occurs less than 15% of the titme Interannual variability n cloud cover, especially
I summer, can affect sea-surface temperatures and possibly the mixed-layer
structure (which also depends heavily on salinity distribution) The anomalously
warm surface waters observed in the summer and fall of 1997 were 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 (AVHRR) 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
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downwelling along the coast Figure 14 shows the mean monthly Upwelling Index
on the northern GOA shelf This index 1s negative (implying downwelling) in most
months, indicating 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 Aleutian Low 1s displaced by the East Pacific High (Royer 1975, Wilson
and Overland 1986) Over the central basin, these winds exert a cyclonic torque (or
wind-stress curl) that forces the large-scale ocean circulation

The high rates of precipitation are evident in long-term average measurements
Figure 6 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-yr 1)
are typical throughout the region, but rates in southeast Alaska and PWS exceed
4 m-yr! Except over the Alaska Peninsula in the western GOA, the coastal
precipitation rates are much greater than the estimated net precipitation rate of
1 m-yr 1 over the central basin (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 influence of altitude on the
precipitative flux

Figure 14 also includes the mean monthly coastal discharge from Southeast and
Southcentral Alaska as esimated by Royer (1982) On an annual average this
freshwater mflux 1s enormous and amounts to about 23,000 m3 s 1, or about 20%
greater than the mean annual Mississipp: River discharge, and accounts for nearly
40% of the freshwater flux into 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 permmeter, rather than arising from a few, large
“point” sources The discharge 1s greatest in early fall and decreases rapidly
through winter, when precipitation is stored as snow There 1s a secondary runoff
peak m 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 dynamics) 1n the northern GOA

56

PART II, CHAPTER 5



- 40
UPWELLING i ‘
INDEX .50 - L 3ODISC:$H;§I§Fl}h
(60°N, 149°W) (10° m>-s~1)
—a -75 i & "

— 20

Figure 14. 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 is
shown in cubic meters per second, a measure of flow.
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Figure 14 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 maximal in winter and minimal m summer, whereas discharge 1s
maximal mn fall and minimal 1n 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 scale 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 Figure4 On the inner 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),
mmplymng that chimate perturbations, even those occurring far from the GEM study
area, can be efficiently communicated mnto the northwestern GOA by the ocean
arculation The strong advection also implies that processes occurring far
upstream mught substantially mnfluence biological production within the GEM area

5 4 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 into three domains

* The mner shelf (or ACC domain) consisting of the ACC,
* The outer shelf, including the shelf-break front, and
»  The mid-shelf region between the mner and outer shelves

Because the boundaries separating these regions are dynamuic, their locations
vary 1 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 It 1s a persistent
circulation feature that flows cyclonically (westward in the northern GOA)
throughout the year This current origmates on the British Columbian shelf
(although m some months or years, 1t might originate as far south as the Columbia
River [Royer 1998, Thomson et al 1989]), about 2,500 km from its entrance into the
Bering Sea through Unmmak Pass, in 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,
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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 et al 1994) Therefore, the ACC potentially 1s important
to the circulation dynamics of PWS, clearly, 1t 1s a critical advective and magratory
path for material and organisms 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 contmues southward through Shelikof Strait (Muench
etal 1978), the remaimnder flows southward along the shelf east of Kodiak Island
(Stabeno et al 1995) Although there are no long-term (multiyear) estimates of
transport in the ACC, direct measurements (Schumacher et al 1990, Stabeno et al
1995) along the Kenai Peninsula and upstream of Kodiak suggest an average
transport of about 0 8 Sverdrup (Sv, a unit of flow equal to 1 million cubic meters
per second [1 Sv equals 106 m3 s 1), with a maximum m winter and a minimum n
summer

The large annual cycle in wind and freshwater discharge 1s reflected in the
mean monthly temperatures and salinities at hydrographic station GAK 1, near
Seward, on the mner shelf (Figure 15) Mean monthly sea-surface temperatures
range from about 3 5°C 1 March to about 14°C m August The amplitude of the
annual temperature cycle, however, dimimshes with depth, with the annual range
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 saltnities range from a maximum of about 31 practical salinity units
(psu) m late winter to a munimum of 25 psu in August Vertical salinity (density)
gradients are minimal in March and April and maximal in the summer months
Surface stratification commences m April or May (somewhat earlier n PWS), as
cyclonic wind stress decreases and runoff increases, and 1s greatest m mid- to late
summer The mner shelf and PWS stratify first, because runoff mitially 1s confmed
to nearshore regions and only gradually spreads offshore through ocean processes
Solar heating provides additional surface buoyancy by warming the upper layers
uniformly across the shelf However, the thermal stratification remains weak until
late May or June As winds intensify 1n fall, the stratification erodes, resulting from
stronger vertical mixing and increased downwelling, which causes surface waters
to sink along the coast
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Figure 15. The mean annual cycle of temperature (upper) and salinity (lower) at various depths
at station GAK 1 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].)
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Within the ACC, the annual amplhitude in salinity diminishes with depth and has
a mummum of about 0 5 psu at about the 100-m depth At greater depths, the
annual amphtude increases but the annual salinity cycle is out of phase with near-
surface salmity changes For example, at and below the 1,50 m depth, the salinity 1s
minimal m March and maximal in late summer-early fall The phase difference
between the near-surface and near-bottom layers reflects the combmed influence of
winds and coastal discharge In summer, when downwelling relaxes, salty,
nutrient-rich water from offshore mvades the inner shelf (Royer 1975) The upper
portion of the water column 1s freshest in summer, when the winds are weak (little
mixing) and coastal discharge 1s increasing 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 m both the hydrographic properties and the along-shore velocity
structure of the shelf The seasonal transitions in temperature and salinity
properties are shown m Figure 16, which 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)
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Figure 16. 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.
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The ACC domain, or mner shelf, 1s within 50 km of the coast From February
through April, the vertical and cross-shelf gradients of salinity and temperature are
weak, and the ACC front lies within 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 dynamuics 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 saliity (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 variable, n summer Vertical
stratification weakens 1n fall, but the cross-shelf salmity 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

The dynamics of the ACC from summer through late fall are primarily
barochnic (controlled by cross-shore, subsurface density gradients) The ACC1s
often jet-like and 1s strongly sheared vertically in fall The strong vertical shears in
velocity could affect predator-prey mteractions Phytoplankton and many juvenile
and forage fishes occur mn the upper 25 m of the water column on the mner shelf in
summer and fall (Boldt 2000) and (Haldorson 2001) Because the maximal
sustained swimming speeds of small fish are typically less than the along-shelf
current speeds, these organisms cannot swim against the current The zooplankton
(minute animal Iife) that feed upon the phytoplankton and on which the fish prey
do mugrate daily (diurnally) over the approximate 200-m depth of the inner shelf,
however Therefore, diurnally and vertically migrating zooplankton swarms are
unlikely to encounter the same phytoplankton patches and fish schools during a
day because of this highly sheared flow

Theory (Garrett and Loder 1981, Yankovsky and Chapman 1997, Chapman and
Lentz 1994, Chapman 2000) suggests that seasonal variations i the ACC frontal
structure should strongly mnfluence the vertical and horizontal transport and
muxing 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 encountermg the ACC front Conversely, Johnson et al (1988) showed
that, mshore of the front, the surface layer spreads offshore, with this offshore flow
mcreasing as discharge increases i 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 mnshore of the front (at least
for part of the year), 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 might also be a region of significant vertical motions Downwelling
velocities of about 30 meters per day (m-d 1) in the upper 30 m of the water column
are possible mn fall (This estimate 1s based on the assumption that the cross-frontal
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convergence occurs over a frontal width of 15 km with an onshore Ekman flow of 3
cm-s ! seaward of the front and an offshore flow of ~15 cm-s ! [Johnson et al 1988]
mshore of the front )

The mud-shelf domain 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 mshore 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 inshore m summer than 1n fall or winter
Over the upper portion of the mid-shelf water column, the vertical stratification 1s
largely controlled by salinity m most months, although vertical salmnity gradients
are weaker here m summer and fall than on the mner shelf Consequently, in
summer, thermal stratification plays an important role 1n stratifying the mid-shelf
water column Here, the along-shelf flow 1s weakly westward on average because
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 Instabilities of the ACC (Mysak et al 1981, Bograd 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)

This 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 et al (1992), Schumacher and Kendall (1991), Schumacher et al (1993), and
Bograd 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 significantly better inside than outside of eddies (Canmo et al
1991)

The mner and mud-shelf domains share two other noteworthy characteristics
First, durmng 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 1n assessing circulation features
and frontal boundaries i the northern GOA

Second, the bottom-water properties of the shelf change markedly throughout
the year The above figures show that the high-salimity bottom waters carried
mshore are drawn from over the contmental slope i summer This inflow occurs
annually and probably exerts an important dynamical mfluence on the shelf
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circulation by modifying the bottom boundary layer (Gawarkiewicz and Chapman
1992, Chapman 2000, Pickart 2000) It mught also serve as an important seasonal
onshore pathway for oceanic zooplankton These animals migrate drurnally over
the full depth of the water column, during 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-salimity water shoreward might then result 1n a net
shoreward flux of zooplankton in summer The summertime inflow of saline water
onto the iner shelf 1s one means by which the slope and basin interior
communicates directly with the nearshore, because (as discussed below) this water
1s drawn from within the permanent halocline (depth horizon over which salmty
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 include flow-up canyons intersecting the shelf break (Klinck 1996,
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 contmental 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
Alaskan Stream These currents comprise the poleward Iimb 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 1)
flow with weak horizontal and vertical velocity shears The Alaskan Stream 1s a
narrow (100 kmy), swift (100 cm s 1) flow with large velocity shear over the upper
500 m (Reed and Schumacher 1986) The stream continues westward along the
southern flank of the Alaska Penmsula and Aleutian Islands and gradually
weakens west of 180° W (Thomson 1972) The convergence of the Alaska Current
mto the Alaskan Stream probably entails concomitant changes 1n 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 into the Alaskan Stream 1mplies 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 in the eastern and northeastern GOA to about 200 km 1n the northern
and northwestern GOA

The Alaskan Stream has a mean annual volume transport (flow of water) of
between 15 and 20 Sv (Reed and Schumacher 1986, Musgrave et al 1992), and
although seasonal transport variations appear small, interannual transport
variations may be as great as 30% (Royer 1981a) Thomson et al (1990) found that
the Alaska Current 1s swifter and narrower in winter than in summer Surface
salinities within the Alaska Current vary by only about 0 5 psu throughout the
year, whereas the seasonal change n 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 distributton Maximal stratification occurs
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between depths of 100 and 300 m and 1s associated with the permanent halocline of
the GOA Halocline salinities 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 16 )

Although eddy energies of the Alaskan Stream appear small (Royer 1981a,
Reed and Schumacher 1986), sigruficant alteration of the slope and shelf-break
circulation 1s likely during occasional passage of large (200-km-diameter) eddies
that populate the mnterior basin (Crawford etal 1999) Musgrave et al (1992) show
considerable alteration n the structure of the shelf-break front off Kodiak Island
during the passage of one such eddy These eddies are long-lived (2 to 3 years) and
energetic, having typical swirl speeds of 20 to 50 cm s 1 (Tabata 1982, Musgrave et
al 1992, Okkonen 1992, Crawford et al 1999) They form 1n the eastern GOA,
primarily 1n years of anomalously strong cyclonic wind forcing along the eastern
boundary (Willmott and Mysak 1980, Melsom A etal 1999, Meyers and Basu
1999) and then propagate westward at about2to 3cms?! Most of the eddies
remain over the deep basin and far from the continental slope, however, some
propagate along the slope, requiring several months to transit from Yakutat to
Kodiak Island (Crawford et al 1999, Okkonen 2001)

Eddies that impinge upon the continental slope could significantly mnfluence
the shelf circulation and exchanges between the shelf and slope of salt, heat,
nutrients, and plankton Their influence on shelf-slope exchange in the northern
GOA has not been ascertaimned, but because they propagate slowly, are long-lived,
and form episodically, they could be a source of mterannual variability for this
shelf These eddies have many features in common with the Gulf Stream rings that
significantly modify shelf properties along the East Coast of the United 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 might have the opposite effect,
because nutrient concentrations are generally higher over the slope than on the
shelf (Whitledge 2000, Childers 2000)

5 4 4 Biophysical Implications

The magnitude of the spring phytoplankton bloom depends on surface 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 in spring (Childers 2000) and (Whitledge 2000)
Turbulent mixing during late fall and winter could mix the nutrient-rich deep
water (brought onto the shelf in summer) up mto the surface layer in tume 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
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bloom The first stage occurs i 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 1n fall
and winter and depends on turbulence Current mstabilities, downwelling-
mduced convection, and diffusion accomphsh 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 mechanisms probably
varies from year to year, suggesting that spring nutrient concentrations will also

vary

Another potentially important nutrient source for the mner shelf 1 spring is
PWS Wnter mixing i 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

The timing 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 ight still exists to support photosynthesis Stratification within
the euphotic zone 1s influenced by freshwater discharge and solar heating
Preliminary GLOBEC data (Whitledge 2000) (Stockwell 2000) suggest that the
spring bloom begms i protected regions of PWS n late March as day length
increases and stratification builds as a result of snowmelt, rainfall, and the
sheltering effect of the PWS from winds The bloom on the shelf lags that of PWS
by from 2 to 6 weeks and may not proceed simultaneously across the shelf This
delay results from the time required to stratify the shelf Because density 1s
strongly affected by salimity 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-
dimmensional circulation and mixing processes intimately associated with ocean
dynamaics

Several implications follow from this hypothesis First, spring bloom dynamics
on the shelf are not as tightly coupled to the solar cycle as on mud-latitude shelves
where temperature controls density Second, mixed-layer development depends
on processes operating spanning a range of time scales and involves a plethora of
variables that affect vertical mixing and the offshore flux of fresh water from the
nearshore These variables include the fractions of winter precipitation delivered to
the coast as snow and rain, the timing and rate of spring snowmelt (a function of
air temperature and cloudmess), and the wind velocity The relevant ttme 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 Thurd,
mterannual variability in the onset and strength of stratification on the GOA
contmental shelf 1s probably greater than for mid-latitude shelves This expectation
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follows from the fact that several potentially interacting 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 involves more degrees of freedom than its use on either mid-latitude
shelves or the central GOA (where temperature exerts primary control on
stratification in the euphotic zone).

All of these considerations suggest that stratification probably does not develop
uniformly in space or time on the GOA shelf. The implications are potentially
enormous with respect to feeding opportunities for zooplankton in spring. These
animals must encounter abundant prey shortly after migrating to the surface from
their overwintering depths. Emergence from diapause (a period of reduced
metabolism and inactivity) is tightly coupled to the solar cycle, rather than the
onset of stratification. Conceivably then, zooplankton 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
preceding summer and winter. Perturbations in the magnitude and phasing of the
spring bloom might propagate through the food chain and affect summer and fall
feeding success of juvenile fishes (Denman et al. 1989).

5.4.5 Tides

The tides in the GOA are of the mixed type with the principal lunar semi-
diurnal (M) tide being dominant and the luni-solar diurnal (K;) tide being, in

general, of secondary importance. | NORINNBINGRRINER RS,
DELETE THEMBECAUSE THEY ARE NOT USEDIAGAIN? lidal 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 amplitudes in the northern GOA, with the M, tide being about 3.6 m
and the K;j tide being about 0.7 m. In contrast, the amplitudes of both of these
constituents in Kodiak and Seward are less than half those of Anchorage. Foreman
et al. (Foreman et al. 2000) found that the cross-shelf flux of tidal energy onto the
northwest GOA shelf is enormous and is accompanied by high (bottom) frictional
dissipation rates. Their model estimates indicate that the tidal dissipation rate in
Kennedy Entrance accounts for nearly 50% of the total dissipation of the M
constituent in the GOA. Further, about one-third of the energy of the K; tide in the
GOA is dissipated in Cook Inlet. Some of the energy lost from tides is available for
mixing, which would reduce vertical stratification and enhance the transfer of
nutrients into the euphotic zone.

The interaction of the tidal wave with varying 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
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Columbian shelf (Crawford 1984, Crawford and Thomson 1984, Flather 1988,
Foreman and Thomson 1997, Cummins 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 (Foreman et al 2000)
predicts diurnal-period shelf waves mn 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, their presence could influence
biological production here as well as the dispersal of planktonic organisms
Residual flows resulting from non-linear tidal dynamaics could (locally) influence
the transport of suspended and dissolved materials on the shelf

Seasonal changes 1n water-column stratification can also affect the vertical
distribution of tidal energy over the shelf through the generation of mternal
(baroclinic) waves of tidal period Such motions are likely to occur in summer and
fall in the northwestern GOA where the flux of barotropic tidal energy (which 1s
nearly uniformly 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) in contrast
to the large scale (1,000s of km) of the generating barotropic tidal waves
Moreover, the phases and amplitudes of the baroclinic tides will vary with seasonal
changes 1n stratification Although no systematic investigation of internal tides on
the GOA shelf has been conducted, Danielson (2000) found that the tidal velocities
in the ACC near Seward 1n winter are about5 cm s and are barotropic However,
in late summer, tidal velocities n the upper 50 m are about 20 cm s ! whereas below
100-m depth they are about 5 cms! Internal tides will also displace the pycnochine
sufficiently to have biological consequences, including the pumping 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 feeding behaviors (Mann and Lazier 1996) Stratified tidal flows mught also
be significant for some silled fjords The interaction of the tide with the sill can
enhance mixing and exchange (Farmer and Smith 1980, Freeland and Farmer 1980)
and can resupply the inner fjord with nutrient-rich, high-salinity water and
plankton through Bernoulli suction effects (Thompson and Golding 1981, Thomson
and Wolanski 1984)

5 4 6 Gulf of Alaska Basin

The circulation mn 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 mcludes the Alaska Current and Stream and the
eastward-flowing North Pacific Current along the southern boundary of the GOA
The latter 1s a trans-Pacific flow that originates at the confluence of the northward-
flowing Kuroshio Current and the southward-flowing Oyashio Current in the
western Pacific Some water from the Alaska Stream apparently recirculates mnto
the North Pacific Current, but the strength and location of this recirculation 1s
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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
California Current The bifurcation zone 1s located roughly along the zero line in
the chimatological 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 1n the upper 150 m of this gyre (far from the continental slope) are 2 to 10
cm s }, but the variability 1s large (Thomson et al 1990) These cyclonic winds also
force a long-term average upwelling rate of about 10 to 30 m yr 1 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 varymng upper layer that extends from the surface to about the
100-m depth,

2 A halocline that extends from 100 m to about the 200-m depth over which
salnity 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 salinity mcreases more slowly to about 34 4 psu and
temperatures decrease from 4° to 3° C

Below the deep layer salinuty increases more slowly to its maximal value of
about 34 7 psu at the bottom

The seasonal variations of the upper layer reflect the effects of wind-mixing and
heat exchange with the atmosphere-essentially one-dimensional mixing processes
The ocean loses heat to the atmosphere from October through March and gains
heat from April through September The upper layer 1s 1sohaline and 1sothermal m
wimnter down to the top of the halocline At thus time, upper-layer salmnities range
from 32 5 to 32 8 psu, and temperatures range from 4° to 6° C The upper layer 1s
fresher and colder n the northern GOA and saltier and warmer in the southern
GOA The upper layer gradually freshens and warms in spring, as wind speeds
decrease and solar heating increases 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 pycnocline erodes and upper layer properties
revert to winter conditions as cooling and wind-mixing increase 1n fall

The halocline 1s a permanent feature of the Subarctic North Pacific Ocean and
represents the deepest limit over which winter mixing occurs within the upper
layer The halocline results from the high (compared with other ocean basins) rates
of precipitation and runoff mn conjunction with large-scale, three-dimensional
circulation and mnterior mixing processes occurring over the North Pacific (Reid Jr
1965, Warren 1983, Van Scoy et al 1991, Musgrave et al 1992) The strong density
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gradient of the halocline effectively limits 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 n the northwestern Pacific Ocean)
and, at greater depths, contributions from the North Atlantic Mean flows 1in the
deep mterior are feeble (1 cm s 1), and the flow dynamaics are governed by both the
chmatological wind stress distribution (Koblinsky et al 1989) and the global
thermohalmne circulation (Warren and Owens 1985) modified by the bottom
topography The thermohaline circulation carries nutrient-rich waters imnto the
North Pacific and forces a weak and deep upwelling throughout the region
(Stommel and Arons 1960a, 1960b, Reid 1981)

5 4 7 General Research Questions

What physical-chemical processes control primary and secondary production,
and 1n particular, what processes control the iming, duration, and magnitude of
the spring bloom on the inner continental shelf, including the 1nlets, sounds, and
fjords?

Does stratification of the water column 1n the euphotic zone of the ACC depend
primarily on the rate at which fresh water spreads offshore as a consequence of
three-dimensional circulation and mixing processes associated with ocean
dynamics? (Section 5 4 4)

Do physical oceanographic shelf processes m the ACC in the months leading
up to the spring bloom precondition the magnitude and sequence of biological
events during the spring bloom? (Section 5 4 4)

Does zooplankton recruttment in the ACC depend on shelf physical processes
during a “preconditioning period” leading up to the onset of the spring bloom?
(Section 54 4)

What are the sources of the nutrients in the euphotic zone on the mner shelf in
the spring? (Section 5 4 4)

How are exchanges of carbon and nutrients, detritus and plankton, at the shelf
break influenced by the mteractions of physical processes with the Alaska Stream
and the Alaska Current with the complex bathymetry of the northern and western
GOA?

What 1s the effect of eddy structure on nutrient flux across the continental shelf
slope? (Section 5 4 4)

How and where does the mteraction of the tidal wave with varying bottom
topography generate residual flows that transport nutrients and carbon across
water mass boundaries on the mnner shelf?

Do durnal-period shelf waves along the Kodiak shelf influence biological
production and the dispersal of planktonic organisms? (Section 5 4 5)
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The overall fertility of the GOA depends primarily
5.5 Chemical on nutrient resupply from deep-water sources to
Oceanography: Marine the surface layer were plants grow Rates of
Nutrients and Fertility  carbon fixation by phytoplankton in the euphotic

zone are imited seasonally and annually by
changing light levels and the kinds and supply rates of several dissolved mnorganic
chemical species Three elements-nitrogen, phosphorus, and silicon-are essential
to the photosynthetic process (Parsons et al 1984) Other dissolved morganic
constituents such as 1ron are also believed 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 ighted surface layer 1s consumed
there or sinks down mnto 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, inorganic nutrients excreted
by zooplankton and by micronekton and macronekton (fish), liberated by bacterial
oxidation (a process referred to as remineralization), or both excreted and liberated
are immediately recycled by phytoplankton (Nekton 1s swimming marine life ) In
contrast, living cells, organic detritus (remains of dead organisms), and fecal pellets
that escape the euphotic zone by sinking are remuneralized below the lighted upper
layer, and the resulting inorganic forms are lost to surface plant stocks The result
of these combmed processes leads to vertical distributions of dissolved morganic
nitrogen, phosphorus, and silicon in which the surface concentrations are much
lower than those found deeper m 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 nutrient enriched deep water back into the surface layer each year
(Schumacher and Royer 1993) Additionally, at depths shallower than about 100 m,
tidal mixing resulting from friction across the bottom can mteract with the wind-
mixed surface layer to provide an intermittent avenue for surface nutrient
replenishment during all seasons

Concentrations of the dissolved inorganic forms of nitrogen (nitrate, nitrite, and
ammonia), phosphorus (phosphate), and sihicon (silicate) occur at some of the
highest levels measured anywhere 1n the deep waters of the GOA (Mantyla and
Reid 1983) A permanent pycnocline, resulting from the relatively low salmty of
the upper 120 to 150 m, limuts access to this valuable pool, however, deep winter
muxing rarely reaches below about 110 m 1n waters over the deep ocean (Dodimead
et al 1963, Favorite et al 1976) Although upwelling occurs 1n the center of the
Alaska Gyre, 1t 1s believed to be only on the order of a meter (or considerably less)
per day (Sugmmoto 1993, Xie and Hsieh 1995), a relatively modest rate compared to
some regions of high productivity Iike the Peru or Oregon coastal upwellings
Away from the Alaska Gyre upwelling along the northern contmental margin of
the GOA, the prevailing winds drive a predominately downwelling environment
over the shelf for 7 to 8 months each year Although this condition usually
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moderates during the summer, there 1s hittle evidence that wind-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,
contamning elevated concentrations of dissolved nutrients, flows mto the deeper
coastal basmns and fjords (Muench and Heggie 1978, Heggie and Burrell 1981)
Presumably the timing and duration of this coastal bottom renewal 1s related to the
nature of the Pacific High pressure dommance in the GOA each summer

The coastal and mshore waters mn the northern GOA are also mfluenced by
runoff from a large number of streams, rivers, and glaciers in the rugged coastal
margin In these areas that are largely untouched by

agriculture, this input probably contributes Iittle to the
coastal nutrient cycle, except possibly as a source for silicon
and wron (Burrell 1986) Therefore, the major pool of plant

The major pool of plant nutrients
for water column production
in ocean, shelf, and coastal

nutrients for water column production n ocean, shelf, and regions is in deep waters

coastal regions 1s derrved from marine sources and resides

in the deep waters below the surface production zone

Because light limits carbon fixation during the wimnter months, there is a strong
seasonal signal n nutrient concentrations of the euphotic zone m upper-layer shelf,
coastal, and mside waters During the winter, dissolved morganic plant nutrients
build their concentrations in the deepening wind-mixed layer as deeper, nutrient
rich water becomes mvolved 1n the seasonal overturn at a tme when uptake by
phytoplankton 1s muinimal Under seasonal hight limitation, surface nutrient
concentrations probably peak in early March, just before the onset of the annual
plankton production cycle By nmud- to late-May and early June, euphotic zone
nutrients are drawn down dramatically to seasonal lows as the stratification that
mitiates 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 in many shelf and coastal areas, and ammonia
(excreted by grazers) becomes important 1n sustaining the much-reduced primary
productivity Later 1n fall, with the onset of the Aleuhan Low pressure system and
the storms that 1t produces, a cooling and deepening wind-mixed layer can remyject
sufficient new nutrients mto a shrinking euphotic zone to mmitiate a fall plant bloom
m some years (Eslinger et al 2001)

The strong seasonal signal of nutrients and plant stocks evident on the
contmental shelf 1s dimmished 1n 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 hustorically that grazing by a collective of large
calanoid copepods (species of zooplankton endemuic to the subarctic Pacific)
consumed enough plant biomass each year to control the overall productivity
below levels needed to completely exhaust the surface nitrogen (Heinrich 1962,
Parsons and Lall1 1988)
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More recently, iron mitation has been posed as a mechanism controlling
primary production i the GOA and 1 several other offshore regions of the world’s
oceans (Martin and Gordon 1988) Contemporary research in 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,
Dagg 1993) Production of phytoplankton 1s thought to be controlled by an
assemblage of microzooplankters, microconsumers, represented by abundant
cihiate 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 mi