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G OVERVIEW OF THE GEM DOCUMENT

Eduorud Notes
1 Overview Table could be aftgure, but see Bob's overviewfigure, Bob's figure

and the overview table work well together
2 ThIS section needs to be edited once the orgamzatlon ofthe chapters has been

decided.

Overview Table
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Overview and GUide
to Use of the GEM
Document

o

2

The Gulf Ecosystem Momtormg and Research
(GEM) program IS the end result of a senes of
steps represented by chapters m thts document
(see OvervIew Table above) Each chapter
answers a queshon and develops a product (or

products) that becomes an essenhal bwldmg block of the GEM program The
chapters of the document are descnbed below

Chapters 1 to 3 The IDlSSIon and goals form the foundahon 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 followmg chapters

Chapters 4 and 5 SyntheslZmg GEM program knowledge about bIOlogical and
phYSICal phenomena relevant to the IDlSSIon and goals IS a cnhcal mihal step m
developmg a long-term program Thts synthesIS leads to broad, "general research"
queshons that proVide context for specIfIc research queshons m Chapter 8 Aspects
of these queshons that relate to the central hypothesIS and key queshons (Chapter
6) and are not bemg addressed by current mformahon-gathermg programs
(Chapter 7) appear agam later m the document-m Chapter 8, as specIfIc
mformahon needs and cnhcal ecolOgical processes, and m Chapter 10, as part of
the momtormg plan and research agenda

Chapter 6 Whereas Chapter 5 summarIZes the current state of publtshed
mformahon about the northern Gulf of Alaska, Chapter 6 prOVIdes a conceptual
understandmg of how that ecosystem IS belIeved to work The central hypOthesIS
IS an overarchmg summary of how natural forces and human achVIhes control
changes m the produChvity of bIOlOgical resources Key queshons carve the central
hypothesIS mto smaller, more manageable pIeces based on habItat types
representahve of the region The four habItat types were chosen as an
organIZahonal deVIce because they accommodate the cnhcal aspect of spahal scale
mherent m the central hypOthesIS, as well as havmg unIque aspects and processes
of theIr own The key queshons appear agam m Chapter 8 as the startIng pomts for
developmg specIfIc queshons and defInmg specIfIc mformahon needs

Chapter 7 Knowledge of other programs IS essenhal to allow the GEM
program to fInd Its place m the momtormg and research commumty of the North
PacIfIc The status of current mformahon-gathenng efforts dIrects the GEM
program toward aspects of the central hypothesIS and key queshons that are not
bemg well studIed, and then further, to specIfIc queshons and mformahon needs
(Chapter 8) IndIVIdual momtonng and research achVIhes of the GEM program
(Chapter 10) must also be developed m the context of these current mformahon
gathermg efforts

Chapter 8 Defmmg mformahon needs of the GEM program starts by carvmg
the key queshons of Chapter 6 mto more specIfIc queshons, m conJunchon WIth
relevant general research queshons IdenhfIed m Chapter 5 The mformahon

OVERVIEW
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needed to answer these questIons leads dIrectly to IdentIfymg momtonng 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 descnbed DefImng
momtormg, research, synthesIS, modelmg, and data management IS necessary
before these components are used m the momtormg plan and research agenda
Itself, as descnbed m Chapter 10

Chapter 10 The momtormg plan and research agenda are presented m thIs
chapter-the fruItIon of questIons and InformatIon needs from Chapters 5, 6, and 8
The plan descnbes the momtormg actIVitIes by the four habItat types ThIS sets the
stage, m turn, for program ImplementatIon m Chapter 11

Chapter 11 By usmg the key components and strategies IdentIfIed m
Chapter 9, thIs chapter explams the process and pOlICIes that will make the
momtormg and research actIvItIes m Chapters 10 a realIty The approach mcludes
workmg Wlthm the gmdelmes establIshed by the mISSIon, goals, and other polICIes
of the Exxon Valdez Trustee CounCIl A proposed sCIentIfIc overSIght process and
other admmIStratIve procedures are explamed as the tools to develop and
Implement the momtormg program durmg a penod of 5 years, from FIScal
Year 2003 through FIScal Year 2007,

Chapter 12 The modelmg chapter pICks up the defmItIon of modelmg m
Chapter 9, expands on It, and presents materIals that were too detailed for
Chapter 9 The purpose IS to more precISely defIne the dIfferent kInds of models
and theIr uses, summanze some eXIStIng models relevant to the Gulf of Alaska, and
descnbe where models may fIt wlthm the overall GEM hIerarchy

Chapter 13 ThIS chapter on data management and InformatIon transfer takes
off from the data management and modelmg sectIons m Chapter 9 to more
preCISely defIne the pOSSIble ways and means of ImplementIng the "end-ta-end"
data management and InformatIon transfer system OptIons for ImplementatIon
WIth a suggested sequence and schedule for baSIC actIons needed to Implement the
system are presented

AppendIces Durmg the course of preparmg the GEM program documents, a
wealth of useful supportIng InformatIon was acqUIred that could not be mcluded m
the text of the chapters WIthout compromISmg clarIty Each appended document
IS a useful reference m Its own nght, however, references to appendIces have been
placed m the chapters for the benefIt of those who want to explore a chapter's
tOpICS m more detail

OVERVIEW 3
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Prudent use ofthe natural
resources ofthe spIll area

reqUires mcreased knowledge of
cntlcal ecologIcal mformatlon

about the northern GOA

o

u

1. VISION FOR GEM
IN THE NORTHERN GULF OF ALASKA

In ThIs Chapter

~ HIstory of the RestoratIon Program

~ ExplanatIon of the nussIOn IdentIfIed for the program

~ IdentIfIcatIon of goals, geograpluc scope, and fundIng

A program rooted m the SCIence of a large-scale
1.1 Introduction ecological dIsaster IS umquely SUIted to form the

foundatIon for ecosystem-based management
The knowledge and expenence gamed dunng 10 years of bIOlogical and phYSICal
studIes m the aftermath of the Exxon Valdez oil spill (EVOS) confIrmed that a sohd
hIStoncal context IS essentIal to understand the sources of changes m valued
natural resources Toward thIS end, m March 1999 the Exxon Valdez Oil Spill
Trustee Council (Trustee Council) dedIcated approxImately $120 mIlhon for long
term morutormg and research m the northern Gulf of Alaska (GOA) The new fund
will be m place by October 2002 and will functIon as an endowment, WIth an
annual program funded through mvestment eammgs, after allowmg for mflatIon
proofmg and modest growth of the corpus

In makmg the decISIon to allocate these funds for a long-term program of
morutonng and research, referred to herem as the Gulf Ecosystem Morutonng and
Research (GEM) program, the Trustee Council exphCItly recogruzed that complete
recovery from the oil spIll may not occur for decades
and that through long-term observatIon and, as needed,
restoratIon actIons, the mJured resources and servIces are
most lIkely to be fully restored The Trustee Council
further recogruzed that conservatIon and Improved
management of these resources and servIces would
reqUIre substantIal ongomg mvestment to Improve
understandIng of the manne and coastal ecosystems that
support the resources, as well as the people, of the spill region Improvmg the
qualIty of mformatIon available to resource managers should result m Improved
resource management In addItIon, prudent use of the natural resources of the spill
area Without compromISmg theIr recovery reqUIres mcreased knowledge of cntIcal
ecolOgical mformatIon about the northern GOA ThIS knowledge can only be
proVided through a long-term morutonng and research program that will span
decades, If not centurIes There are both ImmedIate, short-term needs to complete

PART I, CHAPTER 1 I
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the understandIng of the lmgermg effects of the oil spill and long-term needs to
understand the sources of changes m valued natural resources

The ongmal nusslon 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 takmg mto
account the Importance of the qualIty of lIfe and the need for Viable opportumtIes
to establIsh and sustam a reasonable standard of IIvmg "

ConsIStent WIth thIS nusslon and WIth the ecosystem approach adopted by the
Trustee Council m the RestoratIon Plan, the nusslon of the GEM program IS to
"sustam a healthy and bIolOgically dIverse marme ecosystem m the northern Gulf
of Alaska (GOA) and the human use of the marme resources m that ecosystem
through greater understandIng of how Its productIvIty IS mfluenced by natural
changes and human actIvItIes" In purSUIt of thIS nussIOn, the GEM program will
accomplISh the followmg

• Sustam the necessary InstItutIonal mfrastructure to proVide sCIentIfIc
leadershIp m IdentIfymg research and momtormg gaps and pnontIes,

• Sponsor momtormg, research, and other projects that respond to these
IdentIfIed needs,

• Encourage effiCIency m and mtegratIon of GOA momtormg and research
actIVItIes through leveragmg of funds and mteragency coordmatIon and
partnershIps, and

• Promote local stewardshIp by mvolvmg stakeholders and havrng them help
gmde and carry out parts of the GEM program

In adoptIng thIS nusslon, the Trustee Council acknowledges that, at tImes,
sustammg a healthy ecosystem and ensurmg sustamable human uses of the marme
resources may be m conflIct In those Instances, the goal of achIevrng a healthy
ecosystem will be paramount The Trustee Council also acknowledges that, at thIS
tIme, clearly defmed measures for assessmg "ecosystem health" are lackmg (NRC
2000) These measures will be mcorporated mto the program as they are developed

FIVe major goals have been IdentIfIed as necessary
1 3 Goals to accomplIsh the GEM nusslon Attammg all

fIve, however, will requIre several decades Two
of these goals should be attamable Wlthm the early decades of operatIng the GEM
program, gIven suffICIent fundmg

1 Detect- Serve as a sentInel (early wammg) system by detectIng annual and
long-term changes m the marme ecosystem, from coastal watersheds to the
central gulf, and

2 PART I, OiAPTER 1
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2 Understand IdentIfy causes of change m the manne ecosystem, mcludmg
natural vanahon, human mfluences, and theIr mterachon

Two other goals provIde an essenhal pIece of the foundahon for a long-term
program and are lIkely to be fully realIZed only on an Irregular basIS untIl after the
fIrst decade of operahng the GEM program

3 Inform PrOVIde mtegrated and synthesIZed mformahon to the pubhc,
resource managers, mdustry and pohey makers m order for them to
respond to changes m natural resources, and

4 Solve Develop tools, technologIes and mformahon that can help resource
managers and regulators Improve management of marme resources and
address problems that may arISe from human achvlhes

The fIfth goal IS mherently long-term and dIffIcult to achIeve, but of
consIderable potenhal value to resource users and managers It serves more as a
long-range beacon to guIde the deSIgn of momtormg achvlhes, than as a goal that
may be attamed wlthm the near term

5 PredIct Develop the capacIty to predIct the status and trends of natural
resources for use by resource managers and consumers

Durmg the process of learnmg how to detect and understand change m the
northern GOA, It will be cnhcal to look toward the day when resource managers
and the concerned pubhc collect on theIr mvestment m GEM In the long run, GEM
must provIde some of the mformahon that enables resource-dependent people,
such as subSIStence users, recreahonahsts, and commercIal fIShers, to better cope
WIth changes m marme resources The data and mformahon produced by GEM
durmg Its fIrst decade may be of hmIted value for solvmg problems for the pubhc,
commerCIal mterests, resource managers, and pohey makers faced WIth
enVIronmental change Nonetheless, as mformahon accumulates, the ability for
GEM to prOVIde problem-solvmg mformahon and tools can and must mcrease

GIven the SIZe and compleXIty of the northern GOA ecosystem and the
avaIlable fundmg, It will not be pOSSIble to meet these goals WIth only the data
collected by GEM Addressmg the program goals will requIre acmevmg the
followmg Inshtuhonal goals

• SynthesIZe momtormg and research results to adVISe m sethng pnonhes,

• PnontIZe momtormg and research needs,

• IdentIfy momtormg and research gaps CllIrently not addressed by eXIStmg
programs,

• Fund momtormg of core vanables,

• Leverage funds to augtnent ongomg momtormg work funded by other
enhhes,
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• Track work of other entItIes relevant to understandmg biologtcal
productIon m the GOA, and

• Involve other government agencIes, non-governmental orgamzatIons,
stakeholders, pohcy makers, and the general pubhc m a collaboratIve
process to achIeve the nussion and goals of GEM

The substantIal expenence of the EVOS RestoratIon Program mdIcates that
these seven InstItutIonal goals are not only reasonable and necessary, but also
attamable

ConsIStent WIth the RestoratIon Plan, the pnmary
1.4 Geographic Scope focus of the GEM program IS Withm the area

affected by the 1989 Oll spill, whIch IS generally
the northern GOA, mcludmg Prmce WillIam Sound (PWS), Cook Inlet, KodIak
Island, and the Alaska PenInsula (FIgure 1) Recogrnzmg that the marme
ecosystem affected by the Oll spill does not have a dIScrete boundary, some
morutonng and research actIVItIes will necessarllY extend mto adjacent areas of the
northern GOA

FIgure 1

TIllS IS FIGURE 1 OF PREVIOUS REPORT NEED THE ELECTRONIC FILE

It IS Important to note that the northern GOA mcludes watersheds and
shorehnes, the nearshore envIronment, the contInental shelf, and offshore waters
It IS also Important to note that waters from the shelf and basm of the GOA
eventually enter the Benng Sea and the ArctIc Ocean (through the Benng Strait)
Although GEM has a regIonal (GOA) outlook, the program WIll be of VItal
Importance m understandmg the downstream Benng Sea and ArctIc Ocean
ecosystems In addItIon to the hnkages provIded by the movements of ocean
waters, the GOA IS hnked to other regtons by the many specIes of buds, fIShes, and
matnrnals that also move through these regtons It IS also becommg mcreasmgly
clear that enVIronmental conditIons m the GOA, such as levels of perSIStent orgaruc
pollutants, as well as the temperature of GOA waters, can ongmate many
thousands of mI1es away

The Trustee COunCll will fund the GEM program
beg1n1Ung m October 2002 WIth funds allocated
for long-term morutormg and research, estImated
to be approxImately $120 millIon The Trustee

COunCll will manage these funds as an endowment, WIth the annual program
funded by mvestment earnmgs after mflatIon-proofmg, thus proVIdmg for a stable
program through tIme The Trustee COunCll also may choose to fund a smaller
program ill the early years to buI1d the corpus of the fund The Trustee COunCll'S
long-term goal IS to allow for additIonal deposIts and donatIons to the fund from
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other sources to mcrease the corpus Acluevmg thIS goal rrught requue changes m
state or federal legISlatIon and possIbly a change m 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 Umted States
to adrrumster the restoratIon fund, wluch mcludes fundmg for GEM, and to restore
the resources and servIces mJured by the oil spill The State of Alaska trustees are
the CorrumsslOner of the Alaska Departlnent of Envuonmental ConservatIon, the
CorrumsslOner of the Alaska DepartInent of FISh and Game, and the Attorney
General The federal trustees are the Secretary of the Intenor, the Secretary of
Agnculture, and the Adrrumstrator of the NatIonal Oceamc and Atmosphenc
AdrrumstratIon, U S Department of Commerce

The trustees establIShed the Trustee Council to admilllSter the restoratIon fund
The state trustees serve duectly on the Trustee CouncIl The federal trustees each
have appomted a representatIve m Alaska to serve on the Trustee Council They
currently are the U S Intenor Departlnent's SpeCIal AssIStant to the Secretary for
Alaska, the Alaska Duector of the NatIonal Manne FIShenes ServIce, and the
SupervISor of the Chugach NatIonal Forest for the Department of Agnculture All
deCISIOns by the Trustee CouncIl are reqUITed to be unammous It IS expected that
the current Trustee Council will make pohcy and fundmg deCISIOns for the GEM
program

It has been suggested that at some tIme m the future, a new board or overSIght
structure be establIShed to adrrumster or gmde the GEM fund It IS also possIble
that an eXIStIng board, eIther under Its current structure or WIth millor
modIfIcatIons, could take over management of the fund Use of a new governance
structure, If JustIfIed, would requue changes m law and the apphcable court
decrees Such changes would take consIderable tIme and are not antIcIpated m the
near future

1.6 References
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o 2. HUMAN USES AND ACTIVITIES
IN THE NORTHERN GULF OF ALASKA

In TIns Chapter

~ DISCUSSIon of the human Impact m the GOA

~ Populahon centers m the area

~ IdenhfIcahon of human achVIhes occurrmg

The growmg populahon of Alaska and the eXIShng and potenhally greater
human use of the resources of the northern GOA are Important consIderahons for
development of GEM To achIeve the GEM mISSIon of sustammg a healthy
ecosystem, as well as sustammg human use of the marme resources of the GOA, It
IS essenhal to assess and understand the Impacts that human achVlhes may have on
Important fIsh and WIldlIfe specIes, theIr habItat, and the northern GOA ecosystem
overall

Natural resource managers In

Alaska are concerned about
the Impacts ofpollution on

martne ecosystems

(~ The economy of Alaska depends heaVIly on extrachon of natural resources,
Vi pnmanly oil, fIsh, and shellfIsh, followed by hmber and mmerals In the northern

GOA, commercIal fIshmg, recreahon, and tourISm (mcludmg sport fIshmg), oil and
gas development, loggmg, roadbuIldmg and urbaruzahon, marme transportahon,
and subSIStence harvests are all achVlhes that have the potenhal to affect fIsh and
wildlIfe populahons and habItat

The human Impact on Alaska's marme ecosystems IS relahvely small,
compared to Impacts m most of the developed world Other regIOns are faced WIth
marme dead zones caused by eutrophIcahon (declme of a
water body caused by oxygen defICIency) from peshade
runoff, overfIshmg and deplehon of fIsh stocks, senous
mdustnal polluhon, and degradahon of Important habItat
such as coral reefs and coastlmes Alaska IS prIShne m
comparISon Even here, however, natural resource
managers have concerns about localIzed polluhon, the potenhalImpacts of some
fIshenes, extreme changes m some fIsh and wildlIfe populahons, and the lIttle
known Impacts of contammants and global warmmg

State and federal laws and perffilthng systems are deSIgned to IdentIfy and
ffilhgate the dIrect Impact of these achVIhes Secondary and cumulahve Impacts
are not as roUhnely assessed, however There IS concern that local problems, If left
umdenhfIed or unmomtored, could grow mto regIOnal problems
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Expenence WIth the EVOS RestoratIon Program has demonstrated that, unless
an Impact IS very large, It IS usually extremely dIffIcult to ISolate the human Impact
from the natural varIability Because GEM will be a long-term program, however,
It IS Important to assess the potentIal Impacts of human actIVItIes on a regular basIS
to determme theIr mfluence on changes rn the abundance and dIStnbutIon of
Important resources

About 71,000 full-tIme resIdents hve WIthrn the
area dIrectly affected by the ou spill (FIgure 1),
and two to three tImes that number use the area
seasonally for work and recreatIon The spill area
populatIon, combrned 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 IS combrned WIth more than
1 millIon tOurISts who VISIt the state each year, It becomes clear that the natural
resources of the northern GOA cannot be Immune to the pressures assocIated WIth
human uses and actIVItIes

2 1 1 Prince Wilham Sound

PWS hes north of the GOA and west of Cordova About 7,000 people hve and
make theIr hvrng rn thIS area The largest commumtIes-Cordova, Valdez, and
WhIttIer-are all coastal and predomrnantly non-NatIve, although Valdez and
Cordova are home to Alaska NatIve Village corporatIons and tnbes Chenega Bay
and TatItlek are Alaska NatIve villages All fIve commumtIes are acceSSIble by aIr

or water, and all have dock or harbor faahtIes In the north, the ports of Valdez
and WhIttIer hnk the area to the state's marn road system

The econOlmc bases of the fIve communItIes m PWS are heavuy resource
dependent The Cordova economy IS based on commerCIal fIshmg, pnmaruy for
prnk and red salmon As the termrnus of the Trans-Alaska Pipehne System, Valdez
IS dependent on the oil mdustry, but commeraal fIshmg and fIsh processrng,
government, and tourISm also are Important to the local economy Large oil
tankers routInely traverse PWS and the northern GOA to and from the Port of
Valdez In additIon to workmg as ou mdustry employees, WhIttIer reSIdents also
work as government employees, longshoremen, commeraal fIshermen, and serVIce
provIders to tourISts The people of Chenega Bay and TatItlek augment commeraal
fIshmg, aquaculture, and other cash-based actIVItIes WIth subSIStence fIshmg,
huntIng, and gathermg

2 1 2 Kenai Peninsula

The KenaI Penmsula, on the northwest margrn of the GOA, separates Cook
Inlet from PWS The central pemnsula IS on the marn road system, only a few
hours by car from the major populatIon center of Anchorage Because of thIS road
connectIon to Anchorage, the Kenai Pemnsula IS the fastest growmg area rn the
northern GOA About 50,000 people hve on the pemnsula, WIth about two-thIrds
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hvmg near the crhes of KenaI and Soldotna The economy of thIs area depends on
the oil and gas mdustry, commercIal fIshIng, and tounsm ThIs area was the SIte of
the frrst major Alaska oil strIke m 1957 and has been a center for oil and gas
explorahon and produchon smce that hIDe Seward IS a seaport on the eastern
KenaI Penmsula near the western entrance of PWS It IS the southern ternunus of
the Alaska Railroad, wluch transports manne cargo and passengers to and from
Anchorage

The southern KenaI Pemnsula contams the cIhes of Homer and SeldovIa and
the Alaska Nahve villages of Nanwalek and Port Graham Homer, on the north
sIde of Kachemak Bay, IS the southern termmus of the state's mam road system on
the penmsula 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 hunhng and fIshmg and on village corporahon
enterpnses, such as the salmon hatchery, cannery, and loggmg enterprISe at Port
Graham Homer IS the econOmIC and populahon hub of thIs part of the penmsula
and depends on commerCIal fIshIng, tourISm, and forest products

TourISm IS an Important and growmg part of the KenaI Penmsula economy
Manne sport fIshmg out of Seward and Homer IS a major attrachon for the tounst
mdustry CruISe slups dock at the Seward harbor, and commercIal vessels take
passengers on tours of the nearby KenaI Fjords Nahonal Park The KenaI RIver and
Its trIbutary, the RUSSIan RIver, are major sport fIShIng rIvers, attrachng tounsts
from Anchorage and all over the world

2 1 3 Kodiak Island Archipelago

The KodIak Island arclupelago hes to the west of the northern GOA ThIs
regIOn mcludes the CIty of KodIak and the SIX Alaska Nahve villages of Port LIOns,
OuzmkIe, Larsen Bay, Karluk, Old Harbor, and Akluok About 14,000 people hve
m thIs regIOn, although the populahon swells m the fIshIng season Commumhes
on KodIak Island are acceSSIble by aIr and sea ApproXImately 140 mIles of state
roads connect commumhes on the east SIde of the ISland

The economy of the arclupelago depends heavily on commerCIal fIshIng and
seafood processmg KodIak IS one of the world's major centers of seafood
produchon and has long been among the largest ports m the nahon for seafood
volume or value of landmgs Village reSIdents largely depend on subSIStence
hunhng and fIshIng KodIak Island IS also home to a commerCIal rocket-launch
facrhty that held Its frrst successful launch m 1999 The U S Coast Guard Stahon
near KodIak IS a major landowner and employer

214 Alaska Pemnsula

The Alaska Penmsula IS on the western edge of the northern GOA FIve
commumhes on the south SIde of the Alaska Penmsula he wIthm the area affected
by the EVOS Clugmk, Clugmk Lagoon, Clugmk 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.

2.2.1 Commercial Fishing2.2 Description of
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
shellfish.

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
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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.

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.

Commercial fishing also has the potential to affect
other elements of the marine ecosystem, such as bird and
marine mammal populations. Effects result either
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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0pInlon, NMFS has severely bnuted fIXed-gear and trawl ftshIng for several
groundftsh speaes, a major food source for the Steller sea hon

Salmon ftshenes m the GOA are notable because hatchenes produce the
maJonty of some salmon specIes m some areas and, m specIftc ftshenes, the
maJonty of salmon harvested BIllions of JUvemle salmon are released annually
from hatchenes m three areas WIthIn the northern GOA Cook Inlet, KodIak, and
PWS WIthIn tlus regIOn, 56% of the salmon m the tradibonal commerCIal harvest

were of hatchery ongm m 1999 The percentage IS hIgher If
cost-recovery ftshenes are also mcluded In PWS m
parbcular, hatchery producbon provIdes a maJonty of the
pmk and chum salmon harvested and a substanbal fracbon
of the sockeye and coho salmon harvested In 1999/
hatchery pmk salmon contnbuted 84%of the number of
pmk salmon harvested by commeraal ftshenes m PWS

Ecological concerns related to hatchenes mclude reduced producbon of wild
ftsh because of compebbon between hatchery and wild salmon durmg all stages of
the lIfe cycle, loss of genebc diverSIty m wild salmon, and overharvest of wild
salmon durmg harvest operabons targebng hatchery salmon Informabon on the
mteracbons between hatchery and wild ftsh m specIftc locabons, and on the Impact
of salmon produced m hatchenes m both AsIa and North Amenca on food webs m
the GOA, appears to be essenbal to long-term fIShery management programs

2 2 2 Recreation and TOUrism

Major recreabonal and tOUrISt attracbons WIthIn the spill area mclude Portage
Glaaer, Kenai Fjords Nabonal Park, ColumbIa GlacIer, Kachemak Bay, and KatmaI
Nabonal Park World-class salmon ftshIng attracts resIdents and VISItors alIke to
the Kenai RIver, the RUSSIan RIver, and other nvers on the KenaI PenInsula
Charter hahbut ftshIng IS an Important and growmg recreabonal acbVlty, espeCIally
for Seward and Homer More than 500 vessels are acbve m tlus mdustry
CaInpmg, hIkmg, kayakmg, and wildlIfe Vlewmg attract VISItors to the Kodiak
Island Nabonal WildlIfe Refuge, the Chugach Nabonal Forest, and numerous state
park umts WIthIn the spill area

Growth of the Alaska populabon and mcreases m nonresIdent VISitabon to
Alaska will mcrease the potenbalImpacts of GOA resource use Between 1990 and
1998 alone, the number of nonresIdent VISItors to Alaska mcreased from 900/000 to
135 mIllion per year, averagmg a 5% annual rate of mcrease durmg tlus penod
CruISe shIp trafftc to the state has been mcreasmg by more than 10% a year,
although the rate may be slowmg somewhat

Increased tourISm and recreabonal use could result m a vanety of Impacts on
marme ftsh and wildlIfe and theIr habItats Sport ftshIng could contnbute to
locahzed deplebon of ftsh stocks, as well as degradabon of streambank habItat m
watersheds Increased recreabonal boat trafftc can dISturb wildlIfe on theIr
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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 Oil 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.

Additional 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.

2.2.4 Subsistence Harvest

Fifteen predominantly Alaska Native communities in the GEM region
, with

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 allied 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.

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
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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.

In 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 uxbanization 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
such as salmon and river otters also usually leads to loss
of aquatic species through illegal taking, despite the best
efforts of law enforcement. Indeed, limitations in budgets
usually lead resource management and protection

agencies to focus scarce resources on sensitive areas duxing 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 selenjum, 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 geographjc distribution of persistent organochlorines (DDT,
ruchlorodiphenyldichloroethylene [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 a1. 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.

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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composIhon of the atmosphere through the buIldup of greenhouse gases These
gases are pnmanly carbon dIoxIde, methane, and mtrous oXIde Therr heat
trappmg property IS undISputed, as IS the fact that global temperatures are rISmg
Observahons collected durmg the last century suggest that the average land surface
temperature has rISen 0 45° to 0 6° C m the last century PreCIpItahon has mcreased
by about 1%over the world's conhnents m the last century, WIth hIgh-Iahtude
areas tendmg to see more sIgmf1cant mcreases m raInfall and rISmg sea levels ThIs
mcrease IS consIStent WIth observahons that mdIcate the northern GOA seasurface
temperature has mcreased by 0 5° C smce 1940DP!e~

Increasmg concentrahons of greenhouse gases are lIkely to accelerate the rate of
cInnate change The changes seen m the northern GOA and therr relahonshIp to
other warmmg and coolmg cycles m the North PaCIfIC and the combmed effects on
global cInnate are Important for understandmg how humans affect bIOlOgIcal
produchon Some populahons of fIsh and marme mammals that show longhme
trends, up or down, or sharp rapId changes m abundance, are achvely managed
through harvest restramts The extent to whIch harvest restramts may be effechve
m establlShmg or altermg trends m abundance of explOIted speCIes can only be
understood WIthm the context of cInnate change
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3. LINGERING EFFECTS
OF THE EXXON VALDEZOIL SPILL

In TIns Chapter

~ DescnptIon of the Exxon Valdez oll spill

~ Background of restoratIon fundmg

~ Concerns and how they are bemg addressed

On March 24,1989, the T/V Exxon Valdez ran aground on Bhgh Reef m PWS,
spillmg almost 11 nulhon gallons of North Slope crude oll The event was the
largest tanker spill m U S lustory, contanunatIng about 1,500 mI1es of Alaska's
coasthne, killmg buds, mammals and fIsh, and dISruptIng the ecosystem m the
path of the spreadmg oll

In 1991 Exxon CorporatIon agreed to pay the Urnted States and the State of
Alaska $900 nulhon over 10 years to restore, replace, enhance, or acqUIre the
eqwvalent of natural resources mJured by the spill, and the reduced or lost human
servICes they prOVIde (Urnted States of Amenca and State of Alaska 1991)( Under
the court-approved terms of the settlement, the Trustee Councll was formed to
admJruster the restoratIon funds Twelve years after the spill, total recovery has stIll
not been achIeved

There are two mam concerns about the hngenng effects of oI1mg from the 1989
EVOS The fIrst IS the potentIal effect of pockets of resIdual oll m the enVIronment
Laboratory studIes have shown that contact WIth petroleum hydrocarbons from
weathered oll, even m very small amounts, can klll or
harm early lIfe stages of pmk salmon and PacIfIc herrmg
It IS not yet known, however, whether such effects are
actually occurrmg to any sIgmfIcant degree m PWS or at
other 10cahtIes WIth reSIdual oll TISSue samples from
hIgher vertebrates, such as sea otters and harlequm
ducks, also mdIcate possIble ongomg exposure to
petroleum hydrocarbons m PWS The effects of thIS
exposure are not well estabhshed at the level of
mdIvIdual anImals or at the populatIon level

The second concern IS the ability of populatIons to fully recover by overcommg
the demographIc effects of the 1ll1tIal oll-related mortahtIes and the mteractIon of
these effects WIth the effects of other kmds of changes and dISturbances m the
marme ecosystem Sea otters around northern KnIght Island are an example of a
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specIes that have expenenced prolonged demographIc effects m the heavily oiled
western portIon of PWS The combmed effects of the oil spill and the 1998 EI NIfio
event on common murres m the Barren Islands IS an example of possIble
mteractIve, or cumulatIve, Impacts The ImphCahOn of changes m the avaIlabIhty
of forage fIShes on recovery of seabIrds, such as the pIgeon gmllemot, from the
effects of the oil spill IS another example

StudIes of hngermg oil spill mJUTY and recovery will be drawn to a conclusIon
m the near term and, mcreasmgly, replaced by long-term envIronmental
morutonng and ecosystem studIes The latter studIes will be deSIgned to mcrease
our understandmg of the bIOlOgIcal processes of the spill area ecosystem m the
context of natural forces and human actIVItIes

3.1 References
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4. BUILDING ON THE LESSONS OF THE PAST

In Thts Chapter

~ Background on other relevant programs

~ StudIes supported by Trustee Councll fundIng

~ RelahonshIp of GEM momtormg achVIhes to the GLOBEC program concepts

The GEM program IS not the fIrst attempt to look at large areas of Alaska's
marme ecosystems from a broader perspechve A number of other programs,
mdudmg the Exxon Valdez Oll Spill Restorahon Program, proVIde valuable
gmdance

As explamed m the prevIous chapter, long-term envIronmental momtonng and
ecosystem studIes will be deSIgned to mcrease our understandIng of the bIological
processes of the spill area ecosystem m the context of natural forces and human
achVIhes

The Alaska RegIOnal Manne Research Plan (ARMRP)
(ARMRB 1993) IS a marme SCIence planmng
document WIth a broad geographIc scope that was
prepared under the U S Regional Marme
Research Act of 1991 For all marme areas of

Alaska, mdudmg the GOA, the plan provIded fIve elements of mterest to the GEM
program

1 An overVIew of the status of marme resources,

2 An mventory and descnphon of current and
anhcIpated marme research

3 A statement of short- and long-term marme
research needs and pnonhes

Goals ofother major
programs are relevant

to the GEM effort

4 An assessment of how the research and
momtonng achVIhes under the program take advantage of eXIShng
projects, and

5 Descnphons, hIDe tables, and budgets for research and momtonng to be
conducted under the program

ARMRP goals express the screnhfIc needs of the Alaska region as of 1992 and are
shll relevant to the GEM effort because they will accomplISh the followmg
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• DIStIngmsh between natural and human-mduced changes m marme
ecosystems of the Alaska regIon,

• DIStInguISh between natural and human-mduced changes m water qualIty
of the Alaska Region,

• StImulate the development of a data gathermg and sharmg system that WI1l
serve sCIentISts m the region from government, acadeffila, and the prIvate
sector m dealmg WIth water qualIty and ecosystem health ISsues, and

• ProVide a forum for enhancmg and mamtammg broad dIScussIon among
the marme SCIentIfIc commumty on the most dIrect and effective way to
understand and address ISsues related to mamtammg the health of the
water quahty and ecosystem health m the region

The Bermg Sea has receIved a good deal of
attention because of to concern about long-term
dechnes m populations of hIgh-profIle specIes
such as kmg and tanner crab, Steller sea hons,
spectacled elder, Steller's elder, common murres,

thIck-billed murres, and red-legged and black-legged kittIwakes (DOl et al 1998b)
The GEM ffilSSIon statement IS consIStent WIth the vISIOn of the federal-state
regulatory agenCIes for the Benng Sea Ecosystem Research Plan (DOl et al 1998a),
whIch follows "We enVISIon a productive, ecolOgically dIverse Bermg Sea
ecosystem that WIll provIde long-term, sustamed benefIts to local commumtIes and
the nation" The basIC concepts of the GEM program are also consIStent WIth the
overarchmg hypotheses of the Bermg Sea plan

• Natural vanability m the phYSICal envIronment causes shIfts m trophIc
(food web) structure and changes m the overall productiVity of the Bermg
Sea

• Human Impact leads to envIronmental degradation, mcludmg mcreased
levels of contaffilnants, loss of habItats, and mcreased mortahty on certam
specIes m the ecosystem that may trIgger changes m specIes composItion
and abundance

In addItion, four of the research themes of the Bermg Sea plan-varIability and
mechanISms m the physIcal envIronment, mdIVIdual specIes responses, food web
dynaffilcs, and contaffilnants and other mtroductIons-are closely ahgned With the
conceptual foundation of the GEM program (see Chapter 6) Current research
programs for the Bermg Sea (DOl et al 1997) often overlap WIth the programs
IdentIfIed m the database of ongomg and hIStOrIcal GOA projects (dIScussed m
Chapter 9, Section 4)
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4.3 SCientific Legacy of
the Exxon ValdezOl1
Spill (1989 to 2002)

o EcologIcal knowledge gamed m the years
followmg the 1989 EVOS forms a substanbal
porhon of the foundabon of the GEM program
The recovery status of each affected resource
(Table 1) IS based to the extent possIble on

knowledge of the resource role m the ecosystem The Trustee CouncIl's sCIenhfIc
legacy creates the need to understand the causes of populahon trends m mdIvidual
speaes of plants and anImals through hme and the need to separate human effects
from those of clImate and mterachons WIth related specIes

Table 1 Status of Resources Injured by the Exxon Valdez all Spill
as of March 1999

Not Recovering

Common loon

Cormorants
(3 species)

Harbor seal

Harlequm duck

KJller whale (AB pod)

Pigeon gUillemot

Recovenng

Archaeological
resources

Black oystercatcher

Clams

Common Murre

Intertidal commUnities

Marbled murrelet

Mussels

PaCific hemng

Pmksalmon

Sea otter

Sediments

Sockeye salmon

Subtidal communities

Recovered

Bald eagle

River otter

Recovery Unknown

Cutthroat trout

DeSignated Wildemess
Areas

Dolly Varden

KJttlitz s murrelet

Rockfish

The follOWIng Injured human services are conSidered to be recovenng
passive use recreation and tourism and subSistence

commercial fishing

(~

The studIes supported by the Trustee COunCll smce 1989 mclude 164 damage
assessment studies coshng more than $100 millIon, as well as hundreds of
restorabon studies coshng approXImately $167 millIon These studies have resulted
m more than 400 peer-revIewed saenhfIc pubhcahons, mcludmg numerous
dISsertabons and theses In addIhon, hundreds of peer-revIewed project reports
are aVailable through the Alaska Resources LIbrary Informahon System (ARUS)
and state and unIverSIty hbrary systems Many fInal reports are avaIlable m
electroruc format through the Trustee CouncIl offIces or ARUS A current
bIbhography of pubhcahons sponsored by the Trustee CouncIl IS avaIlable on Its
Web SIte (WWW OllspIlI state ak us) or on request to the Trustee CouncIl A hst of
Trustee CouncIl projects as well as a complete hst of fInal and annual project
reports also IS avaIlable on the Web SIte or on request
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In addItIon to much specmc mformatIon on the effects of oil on the plant and
arumallIfe m 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) IS the largest of the three studIes
Funded at $22 millIon for a seven-year penod, SEA brought together a team of
SCIentIsts from many dIfferent dISCIplmes to understand the bIOlOgIcal and phySIcal
factors responsIble for producmg hernng and salmon m PWS When completed,
the data collected dunng SEA are expected to form the basIS of numencal models
capable of SImulatIng the oceanographIc processes that mfluence the SUrvIVal and
productIVIty of Juvenile pmk salmon and herrmg m PWS SEA has already
proVIded new InsIghts mto the cntIcal factors that mfluence fIShenes productIon,
mcludmg ocean currents, nutnent levels, ffilXmg of water masses, salmIty, and
temperatures These observatIons have made It pOSSIble to model how phYSICal
factors mfluence productIon of plant and arumal plankton, prey, and predators m
the food web

The Nearshore Vertebrate Predator (NVP) project IS a 6-year, $6 5 millIon study
of factors lImItIng recovery of two fISh-eatIng speCIes, nver otters and pIgeon
gmllemots, and two mvertebrate-eatIng speCIes that mhabIt nearshore areas,
harlequm ducks and sea otters The project looked at oil exposure, as well as
natural factors such as food availability, as potentIal factors m the recovery of these
mdIcator specIes, and has contnbuted to mcreased understandmg of the lmkages
between terrestnal and marme ecosysteIns (see Chapter 6, SectIon 2)

The Alaska Predator Ecosystem ExperIment (APEX) IS an B-year, $10 8 millIon
study of ecolOgIcal relatIons among seabIrds and theIr prey speCIes The APEX
project explored the cntIcal connectIon between productIVltIes of marme bIrd
populatIons and forage fISh speCIes, m an attempt to understand how Wlde-rangmg
ecolOgIcal changes lllight be related to fluctuatIng seabIrd populatIons In addItIon,
analyzmg the food of marme bIrds shows promISe m provIdmg abundance
estImates for key fISh specIes, such as sand lance and hernng

These tOpICS also have been covered by other Trustee CouncIl-funded studIes
and the results are available m pubhshed saentIfIc hterature

PhYSICal and bIolOgIcal oceanography,

Marme food web structure and dynaIDIcs,

Predator-prey relatIonshIps among bIrds, fISh, and mammals,

The source and fate of carbon among SpecIes

Developmental changes m trophIc level WIthm speCIes,

Manne growth and SUrvIVal of salmon,

IntertIdal commumty ecology, and
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• Early hie lustory and stock structure m hernng

Many of these studIes have focused on key mdIvIdual specIes mJured by the oll
spill, mcludmg pmk and sockeye salmon, cutthroat trout, PacIfIc herrmg, black
oystercatchers, nver otters, harbor seals, mussels, and kelp

One of the most extensIve senes of smgle-specles mvestIgatIons, for example, IS
the $14 millIon SUIte of pmk salmon studIes These mclude momtonng the tOXIC
effect of oll, conductIng genetIc studIes related to SUrvIval, and supplementIng
select populatIons Another extenSIve senes of studIes was done on PacIfIc hernng
Roughly $6 millIon has been spent on the restoratIon of PacIfIc herrmg m addItIon
to the fundmg for the herrmg component of SEA Smce 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, mcludmg the effects of oceanographIc processes on
year-class strength and adult dIStrIbutIon

More than $5 millIon has been spent on the restoratIon of manne mammals,
pnmarlly harbor seals, a major source of subSIStence food m the dIet of NatIve
Alaskans m the northern GOA Harbor seal populatIons were declmmg before the
spIll, took a bIg hIt at the tIme of the spill event, and have contInued to declme ever
smce, although the rate of declme seelllS to have slowed Food availability IS the
major focus of current research, because dISease and other factors have been ruled
out as causes

The SCIentIfIc COmmIttee on Oceamc Research
(SCOR) and the Intergovernmental
OceanographIc COmmISSIon (lOC) establIShed the
Global Ocean Ecosystem DynamICS (GLOBEC)

program m late 1991 GLOBEC IS the core project of the InternatIonal Geosphere
BIosphere Programme responsIble for understandmg 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 (U S GLOBEC 1997) descnbes an approach that uses
a combmatIon of fIeld observatIons and modelmg to concentrate on the mIddle and
upper trophIc levels of the ecosystem The GLOBEC goal IS as follows "To
advance our understandmg of the structure and functIonmg of the global ocean
ecosystem, Its major subsystelllS, and Its response to phYSIcal forcrng so that a
capability can be developed to forecast the responses of the marme ecosystem to
global change"

The overarchmg concept IS that marme and terrestnal ecosystelllS have close
connectIons among energy flow, chemIcal cyclmg, and food web structure GEM
momtonng actIVItIes will be consIStent WIth these addItIonal GLOBEC concepts
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• Changes m abundances of bIrds, fIsh, shel1flsh, and mammals (lugher
tropluc levels) usually reflect changes m phYSICal and chemIcal processes,

• The actual effects on abundances of hIgher tropluc level ammals may
depend on how these physIcal and chemIcal changes act on food
productIon through effects on lower tropluc level SpecIes,

• Changes m the dommant specIes at each tropluc level are consIStent WIth
changes m the phYSICal and chemIcal systems, and

• Understandmg how the dommant specIes at each trophIC level change
through tIme reqUIres knowledge of the energy and nutrIent budgets of the
ecosystem
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5. SCIENTIFIC BACKGROUND

In Thts Chapter

~ DescnptIon of the scIentIfIc understandmg of the Gulf of Alaska

~ IdentIfIcatIon of phYSICal, chenucal, and bIOlogical charactenstIcs

~ DIscussIon of changes m populatIons, predators, and prey

The GOA encompasses watersheds and waters
5 1 The Gulf of Alaska south and east of the Alaska Penmsula from Great

SItkm 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 Umted States hes withm GOA waters (Hood
1986)

The area of the GOA dIrectly affected by the EVOS (FIgure 2) encompasses
broadly diverse terrestnal and aquatIc enVIronments Withm the four broad
habItat types of the watersheds, mtertIdal-subtIdal, Alaska Coastal Current (ACC),
and offshore (contInental shelf break and Alaska Gyre), the geological, chmatIc,
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 IS 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 Servmg
as a "lung" of the planet, GOA resources are part of the process that proVIdes
oxygen to the atmosphere In addItIon, the GOA proVIdes habItat for diverse
populatIons of plants, fISh, and wIldhfe and IS a source of beauty and InsprratIon to
those who love natural thmgs

The eastern boundary of the GOA IS a geolOgically young, tectomcally 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 he
m a senes of steep, hIgh mountam ranges GlaCIers head many watersheds m thIS

area, and the eastern boundary mountaIns trap weather systems from the west,
makmg orographIc, or mountam-drrected, forcmg Important m shapmg the
region's chmate From the southeastern GOA hnut (52° N at landfall) movmg
north, the eastern GOA headwater mountam ranges and heIght of the hIghest
peaks are the PacrfIc Coast (10,290 feet [ft]), St Ehas (18,000 ft), and Wrangell
(16,390 ft) Northern boundary mountam 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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Figure 2. Distribution of oil from the Exxon Valdez oil spill.
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GOA headwaters IS formed m the north by the Alaska Range and to the south
southwest by the AleutIan Mountams (7,585 ft)

RelatIvely few major nver systems manage to pIerce the eastern boundary
mountams, although thousands of small mdependent dramages dot the eastern
coastlme and ISlands of the InsIde Passage Major eastern nvers from the south
movmg north to the penmeter of PWS are the Skeena and Nass (Canada), the
StIkme, Taku, Chtlkat, Chtlkoot, Alsek, SItuk, and Copper All major and nearly all
smaller watersheds m the GOA regIOn support anadromous fIsh specIes For
example, although PWS proper has no major nver systems, It does have more than
800 mdependent dramages that are known to support anadromous fIsh specIes

To the west of PWS he the major nvers of Cook Inlet Two major tnbutanes of
Cook Inlet, the Kenat and the Kasilof, ongmate on the KenaI Penmsula The Kenat
Penmsula hes between PWS, the northern GOA and Cook Inlet Cook Inlet's
largest northern tnbutary, the Susltna RIver, has headwaters m the Alaska Range
on the slopes of North Amenca's lughest peak, Mt McKmley Movrng southwest
down the Alaska Penmsula, only two major nver systems are found on the western
coastal boundary of the GOA, the Crescent and ChIgmk, although many small
coastal watersheds connected to the GOA abound KodIak Island, off the coast of
the Alaska Penmsula, has a number of relatIvely large nver systems, mcludmg the
Karluk, Red, and Frazer

The nature of the terrestrIal boundanes of the GOA IS tmportant m defmmg the
processes that drIve bIOlOgIcal productIon m all enVIronments As descnbed ill

more detaIl below, the Ice cap and the eastern boundary mountaInS create
substantIal freshwater runoff that controls salmtty m the nearshore GOA and helps
dnve the eastern boundary current The eastern mountams slow the pace of and
deflect weather systems that mfluence producuV1ty m freshwater and marme
enVIronments

The GOA shorehne IS bordered by a contInental shelf rangmg to 200 meters (m)
m depth (FIgure 3) ExtensIve and spectacular shorehne has been and IS bemg
shaped by plate tectomcs and maSSIve glaCIal acuvlty (Hampton et al 1986) In the
eastern GOA, the shelf IS vanable m WIdth from Cape Spencer to MIddleton Island
It broadens consIderably m the north between MIddleton Island and the Shumagm
Islands and narrows agam through the Aleuuan Islands The contInental slope,
down to 2,000 m, IS very broad m the eastern GOA, but It narrows steadily
southwestward of KodIak, becommg only a narrow shoulder above the wall of the
deep Aleuuan Trench Just west of Ummak Pass The contInental shelf IS mCISed by
extensIve valleys or canyons that may be tmportant m cross-shelf water movement
(Carlson et al 1982), and by very large areas of drowned glaCIal morames and
slumped sedtments (Molma 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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The weather m the northern GOA, and by
extensIOn that of adjacent regIons such as PWS, IS

dommated 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 (Lwck et al 1987, WIlson and Overland 1986) Eventually these storms make
landfall m Southcentral or South east Alaska where theIr further progress IS

Impeded by the extreme terram of the Samt Ehas Mountams and other coastal
ranges In fact, weather forecasters call the coastal regIon between Cordova and
Yakutat "Coffm Comer," m reference to the frequency of decaymg extratropical
storms found there

The hIgh probability of cyclomc dIsturbances m the northern GOA IS SIgnIfIcant
to the local weather and chmate of PWS ASSOCIated WIth these storms are large
offshore-dIrected, low-level pressure gradIents (tIghtly packed Isobars roughly
parallel to the coast) Dependmg on other factors (such as statIc stability, upper
level wmd profIle) these gradIents can produce strong gradIent-balance wmds
parallel to the coastlme or downslope (offshore-drrected) wmd events (Mackhn et
al 1988) Further, because of the complex glaCIally sClllptured nature of the terram
m PWS, several regIons expenence SIgnIfIcant upslope wmds m certam favorable
storm SItuatIons ThIS wmd conftguratIon, m concert WIth steep terram and nearly
saturated, low-level arr masses, produces the local extreme m precIpItatIon
responsIble for tIdewater glaCIers of PWS

The combmatIon of general stormmess, SIgnIfIcant wmdmess (and conCOmItant
wave generatIon), and orographlcally enhanced preCIpItatIon are essentIal features
of the northern GOA and PWS, and have a strong Impact on the vanety and
compOSItIon of the bIota tlus regIOn supports In addItIon, the annual meltIng of
seasonal snowfall accumulatIons, m combmatIon WIth glaCIal ablatIon, IS

responsIble for the bulk freshwater mput mto PWS In tlus context, any changes m
chmate-naturally mduced or anthropogemc-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 followmg dISCUSSIon, the factors
responsIble for chmate change are IdentIfIed and explamed on a general level m
preparatIon for specrftc relatIonshIps among chmate, phYSICal, and chemIcal
oceanography, SpecIes, and groups of specIes that follow Chmate IS recognIZed to
be a major natural force mfluencmg change m bIolOgIcal resources

The GEM mISSIon IS to promote, " greater understandmg of how Its
productIVIty IS mfluenced by natural changes and human actIVItIes" (EVOSTC
2000) ChmatIc forang IS an Important natural agent of change m the regIon's
populatIons of bIrds, fIsh, mammals, and other plant and anImal speCIes (Hare et
al 1999, Mantua et al 1997, Anderson and Platt 1999, FranCIS et al 1998) Human
actIons, or anthropogemc forcmg, may have profound effects on chmate There IS
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growmg eVIdence that human actIVIhes producmg "greenhouse gases" such as
carbon dIoXIde may contrIbute to global clImate change by altermg the global
carbon cycle (SIgman and Boyle 2000, Allen et al 2000) Understandmg how
natural and human forcmg mfluences bIolOgical produchvity reqUITes knowledge
of the major determmants of clImate change descrIbed m this sechon

ClImate m the GOA results from the complex mterachons of geophysIcal and
astrophysIcal forces, and also m part by bIOgeochemIcal forcmg PhYSICal processes
achng on the global carbon cycle and Its hvmg component, the bIolOgical pump,
dnve oscillahons m clImate (SIgman and Boyle 2000) The most promment
geophysIcal feature assocIated With clImate change m the GOA IS the Aleuhan Low
Pressure system (WIlson and Overland 1986) The locahon and mtensity of this
system affects storm tracks, au temperatures, wmd veloCIhes, ocean currents and
other key phYSICal factors m the GOA and adjacent land areas Sharp vanahons, or
oscillahons, m the locahon and mtellSity of the Aleuhan Low are the result of
phYSICal factors operahng both prOXImally and at great dIStances from the GOA
(Mantua et al 1997) Penodic changes m the locahon and mtensity of the Aleuhan
Low are related to movements of adjacent conhnental au masses and the Jet stream
to oceanography and weather m the eastern tropIcal PacIfIc

AstrophySIcal forces contrIbute to long-term trends and penodIc changes m the
clImate of the GOA by controllmg the amount of solar radiahon that reaches earth,
or Insolahon (Rutherford and DHondt 2000) ClImate also depends on the amount
of global Insolahon and the proporhon of the Insolahon stored by the atmosphere,
oceans, and bIOlOgical systeIns (SIgman and Boyle 2000) Changes m clImate and
bIOlOgical systeIns occur through phYSICal forcmg of controllmg factors, such as
solar radIahon, strength of lunar llliXlllg of water masses, and patterns of ocean
cuculahon PenodIc vanahons m the earth's solar orbIt, the speed of rotahon and
onentahon of the earth, and the degree of mchnahon of the earth's axIS m relahon
to the sun result m penodic changes m clImate and asSOCIated bIOlOgical achVIty

Understandmg clImahc change requues sortmg out the effects of phySIcal
forcmg factors that operate SImultaneously at dIfferent penods PenodIcIhes of
phYSICal forcmg on factors potenhally controllmg clImate and bIOlOgical SySteIns
mclude are 100,000 years, 41,000 years, 23,000 years, 10,000 years, 20 years,
186 years, and 10 years, among many others For example, Mmobe (1999)
IdenhfIed penods of 50 and 20 years m an analysIS of the North PacIfIc Index (NPI)
(FIgure 4 (Mmobe 1999)) The NPI IS a tIme senes of geographIcally averaged sea
level pressures represenhng a unIvarIate (dependmg on only one random vanable)
measure of locahon for the Aleuhan Low (Trenberth and Hurre11994)
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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
3D-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 Iceflelds and glacIers mark major changes m weather
and bIOlogy Changes m the seasonal and geographIc dIStrIbutIon of solar
radIatIon are thought to be pnmarIly responsIble for the perIodIc advance and
recessIOn of glaCIers dunng the past 2 mIllIOn years (Hays et al 1976) The amount
of solar radIatIon reachmg earth changes perIodIcally, or oscillates, m response to
varIatIons m the path of the earth's orbIt about the sun GeographIc and seasonal
changes m solar radIatIon caused by perIodIc varIatIons m 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) ShIfts m the perIOdIcIty of long-term weather patterns
correspond to shIfts from one MilankovIch cycle to another How and why shIfts
from one MilankovICh cycle to another occur are among the most Important
questIons m paleoeclImate research (Hays et al 1976, Rutherford and D'Hondt
2000)

5 2 2 Long Time Scales

5.2.2 1 OrbItal Eccentnclty and ObIlqUIty
ShIfts m the perIOdIcIty of glaCIatIon from 41,000 to 100,000 years between 1 5

and 0 6 millIon years before present (Myr bp) emphasIZe the Importance of the
atmosphere and oceans m translatIng the effects of phYSICal forcmg mto weather
cycles GlaCIal cycles may have lllitIally shIfted from the 41,OOO-year perIod of the
"obhqmty cycle" to the 100,OOO-year perIod of the "orbItal eccentrIcIty" perhaps
caused mItIally by changes m the heat flux, from the equator to the hIgher latItudes
(Rutherford and D'Hondt 2000) (Obhqmty IS the angle between the plane of the
earth's orbIt and the equatorIal plane) Accordmg to the theory advanced by
Rutherford and D'Hondt (2000), mteractIons between long-perIod phYSICal forcmg
(MilankOVICh cycles) and shorter-perIod forcmg (precessIon) may have been a key
factor m lengthenmg the tIme perIod between glaCIatIons m the transItIon perIod of
1 5 and 0 6 Myr bp TransItIons from glaCIal to mtergiaclal perIods may be
trIggered by factors such as the mICronutrIent Iron (MartIn 1990) that control the
actIVIty 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 understandmg clImate change For example, the heat flux that occurs
when the Gulf Stream moves equatorIal warmth north to surround the Umted
KIngdom, Iceland, and Northern Europe defines comfortable human lIfe styles m
these countrIes Anythmg that dISrupts thIS heat flux process would drastIcally
alter chmate m Northern Europe

5.2.22 Day Length
Day length IS mcreasmg 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 m clImate varIatIon IS 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 vanatIons m daily rotatIonal speed are very
small, but cumulatIve effects could be more substantIal m the long term

5.2.2.3 carbon Cyclmg and the Biological Pump
Changes m the amount of solar radIatIon aVaIlable to dnve physIcal and

bIOlOgIcal systems on earth are not the only causes of clImate oscillatIons m the
GOA, or elsewhere m earth Of cntIcal Importance to lIfe on earth, changes m
InsolatIon result m changes m the amount of a "greenhouse gas," carbon dIoxIde m
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 Importance of the bIOlOgIcal pump m determmmg
levels of atmosphenc carbon dIoxIde IS thought to be substantIal, smce the duect
phYSICal and chemIcal effects of changes m msolatIon on the carbon cycle alone
(SIgman and Boyle 2000) (FIgure 2) are not suffiCIent to account for the magmtude
of the changes m atmosphenc carbon dIOXide between major clImate changes, such
as glaCIatIons

The BIOlOgIcal Pump PhotosynthesIS and respuatIon by manne plants and
anImals play key roles m the global carbon cycle by "pumpmg" carbon dIOXIde
from the atmosphere to the surface ocean and mcorporatIng It mto orgamc carbon
durmg photosynthesIS Orgamc carbon not lIberated as carbon dIOXide durmg
respuatIon IS "pumped" (exported) to deep ocean water where bactena convert It
to carbon dIOXIde Over a penod of about 1,000 years, ocean currents return the

\. / deep water's carbon dIOXIde to the surface (through upwellmg) where It agaIn
dnves photosynthesIS and ventIlates to the atmosphere The degree to whIch thIs
deep-water's carbon dIOXIde IS "pumped" back mto the atmosphere or "pumped"
back mto deep water depends on the mtenslty of the photosynthetIc actIVity, whIch
depends on availability of the macronutnents phosphate, rntrate, and silicate, and
on mIcronutrients such as reduced uon (ChIsholm 2000)

Areas where rntrates and phosphates do not lImIt phytoplankton productIon,
such as the Southern Ocean (600 S), can have very large effects on the global carbon
cycle through the actIon of the bIOlOgIcal pump When stImulated by the
mIcronutrIent uon, the bIOlOgIcal pump of the Southern Ocean becomes very
strong because of the presence of ample rntrate and phosphate to fuel
photOSynthesIS, as demonstrated by the Southern Ocean uon release experIment
(SOIREE) at 610 S 1400 E m February 1999 (Boyd et al 2000) SOIREE stImulated
phytoplankton productIon m surface waters for about two weeks fIxmg up to
3,000 metrIC ton (mt) of orgamc carbon Although It has not been demonstrated
that "uon fertIlIzatIon" mcreases export of carbon to deep waters (ChIsholm 2000),
It clearly does enhance surface productIon The Southern Ocean and much of the
GOA share the qualIty of bemg "hIgh rntrate, low chlorophyll" (HNLC) waters, so
It IS temptIng to speculate that uon would play an Important role m controllmg
productIon, If not export productIon, m the GOA

\ "
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FIGURES

1HIS FIGURE IS STILL BEING DEVELOPED
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The Carbon Cycle An accountmg of changes m the amount of carbon m each
component of the earth's terrestrIal and ocean carbon cycles (SIgmon and Boyd,
FIgure 2), as mfluenced and represented by the phYSICal and chemIcal factors of
ocean temperature, dIssolved morgamc carbon, ocean alkalmIty, and the deep
reservorr of the nutrIents phosphate and mtrate, has to mcorporate changes m the
strength of the ocean's bIOlogIcal pump to be complete (SIgman and Boyle 2000)
The amount of atmospherIc carbon dIOXIde decreases durmg glaCIal perIods
Because phySIcal-chemIcal effects do not fully account for these changes, the rulmg
hypothesIS IS that the bIOlogIcal pump IS stronger durmg glaclahons But why
would the bIOlogICal pump be stronger durmg glaCIahons?

Two leadmg theorIes explam decreases m atmospherIC carbon dIOXIde by
means of mcreased achvIty m the ocean's bIOlogIcal pump durmg glaclahons
(SIgman and Boyle 2000) Both theorIes explam how mcreased export produchon
of carbon from surface waters to long-term storage m deep ocean waters can lower
atmospherIC carbon dIOXIde durmg glaCIal perIods The Broecker theory develops
mechanISITIS based on mcreasmg export from low- to mId-Iahtude surface waters
(Broecker 1982, McElroy 1983), and the second theory relIes on hIgh-Iahtude export
produchon of dIrect relevance to the GOA Patterns and trends m nutrIent use m
hIgh-Iahtude oceans, such as the GOA, where nutrIents usually do not lImIt
phytoplankton produchon, could hold the key to understandmg clImate
oscillahons

5.224 Ocean Circulation
Because of the heat energy stored m seawater, oceans are vast mtegrators of

past clImahc events, as well as agents and buffers of clImate change Wmd,
preCIpItahon, and other features of clImate shape surface ocean currents (WIlson
and Overland 1986), and ocean currents m turn strongly feed back mto clImate
Deep ocean waters drIven by thermohalme crrculahon m the Atlanhc and southern
oceans mfluence arr temperatures over these porhons of the globe by transportmg
and exchangmg large quanhhes of heat energy WIth the atmosphere (PeIxoto and
Oort 1992) Patterns of thermohalme (affected by salt and temperature) ocean
Clfculahon probably change dUrIng perIods of glacIahon (Lynch-SheglItz et al
1999) The nature of changes m patterns of thermohalme crrculahon appear to
determme the durahon and mtensIty of clImate change (GanopolskI and RahInstorf
2001) Although the clImate of the GOA IS not drrectly affected by thermohalme
crrculahon, clImate m the GOA IS mfluenced by thermohalme crrculahon through
clImahc lInkages to other parts of the globe

Teleconnechon between North PacIfIc and the TropIcal PacIfIc can perIOdIcally
strongly mfluence levels of coastal and mterIor precIpItahon Because changmg
patterns m preCIpItahon alter the expreSSIOn of the ACC (FIgure 6), whIch IS largely
drIven by runoff (Royer 1981a), perIodIcally changmg weather patterns such as the
PacIfIc Decadal Oscillahon (PDO) and the El NIi'io Southern Oscillahon (ENSO) can
profoundly alter the crrculahon and bIOlogy of the GOA (See Sechon 5 2 2 3 )
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The effects of the cool ACC and the warmer Alaska Stream moderate au
temperatures GOA ocean temperatures are Important m deternunmg clImate m
the fall and early wmter m the northern GOA and may be mfluentlal at other tlmes
of the year Because the cool glaCIally mfluenced waters of the ACC moderate aIr
temperatures along the coast, the strength and stability of the ACC are Important m
determmmg clImate

5.2.3 Multl-decadal and Multi-annual Time Scales

5.2.3.1 PrecessIon andNutatIon
Short penod changes m the seasonal and geographIc dIStrIbutlon of solar

radlatlon are also due to changes m the earth's onentatlon and rotatlonal speed
(day length) (Lambeck 1980) Wobblmg (precesSIOn) and noddmg (nutatlon) of the
earth as It spms on Its axIS are pnmanly due to the flUId nature of the annosphere
and oceans, the gravltatlonal attractlon of sun and moon, and the Irregular shape of
the planet

Small penodlc vanatlons m the length of the day occur WIth penods of
18 6 years, 1 year, and 60 other penodIc components The penodlc components are
due to both lunar and solar tldal forcmg In addltlon to Its effect on day length,
lunar tldal forcmg WIth a penod of 18 6 years has been assOCIated WIth hIgh
latltude clImate forcmg, penodIc changes m mtenslty of transport of nutrIents by
tldal mIXmg, and penodIc changes m fISh recrUInnent (Royer 1993, Parker et al
1995) BIOlogical and phYSICal effects of the lunar tldal cycle may extend beyond
effects assOCIated WIth tldal mIXmg About one-thIrd of the energy mput to the sea
by lunar forcmg serves to mIX deep-water masses WIth adjacent waters (Egbert and
Ray 2000) Oscillatlons m the lunar energy mput could contribute to oscillatlons m
bIolOgical productlVlty through effects on the rate of transport of nutrIents to
surface waters The lunar tldal cycle appears to be approxImately synchronous
WIth thePDO

Contemporary clImate m the GOA IS defmed by large-scale annosphenc and
oceamc crrculatlon on a global scale Two penodIc changes m ocean and
annosphenc condltlons are partlcu1arly useful for understandmg change m the
clImate of the GOA, the PDO and the ENSO Although weather patterns m the
Arctlc and north Atlantlc are also correlated WIth weather m the North PacIfIc,
these relatlons are far from clear The PDO, ENSO, and other patterns of clImate
vanabilIty combme to give the GOA a varIable and sometlmes severe clImate that
serves as the mcubator for the wmter storms that sweep across the North Amencan
contlnent through the Aleutlan storm track (WIlson and Overland 1986)

u
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Figure 6. Schematic surface circulation fields in the GOA and mean
annual precipitation totals from coastal stations (black vertical bars) and for
the central GOA (Baumgartner and Reichel 1975).
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Increased understandmg of the PD~ has been made possIble by sImple yet
hIghly descnptIve mdices of weather, such as the NPI These mdices are dIScussed
below Changes m the annual values of these mdices led to the reahzatIon that
weather condItIons m the GOA sometImes change sharply from one set of average
condItIons to a dIfferent set durmg a penod of only a few years These rapId
clImatIc and oceanographIc regIme shIfts are assocIated WIth sImIlarly rapId
changes m the anImals and plants of the regIOn that are of vItal mterest to
government, mdustry, and the general pubhc

523 2 Pacific Decadal Oscillation
The PD~ and assocIated phenomena appear to be major sources of

oceanographIc and bIOlogIcal vanability (Mantua et al 1997) ASSOCIated WIth the
PD~ are three semI-permanent atInosphenc pressure regIOns dommatIng clImate
m the northern GOA-the Sibenan and East PacIfIc hIgh-pressure systems and the
AleutIan Low pressure system These regions have vanable, but characterIStIc,
seasonal locatIons A promment feature of the PD~ and the clImate of the GOA IS
the AleutIan Low, for whIch average geographIc locatIon changes penodically
durmg the wmter WmtertIme locatIon of the AleutIan Low affects ocean
CirculatIon patterns and sea-level pressure patterns It IS charactenstIc of two
clImatIc regImes a southwestern locus called a negatIve PD~ regIme (1 e, 1972)
and a northeastern locus called a pOSItIve PD~ (1977) (FIgures 7 and 8) The
locatIon of the AleutIan Low m the wmter appears to be synchroruzed WIth annual
abundances and strength of recrUltInent of some fISh speCIes (Hollowed and
Wooster 1992, FrancIS and Hare 1994) The AleutIan Low pressure system averages
about 1,002 mIlhbars (Favonte et al 1976), IS most mtense m wmter, and appears to
cycle m Its average pOSItIon and mtensity WIth about a 20- to 25-year penod
(Rogers 1981, Trenberth and Hurre11994)
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Figure 7. Oceanic circulation patterns in the far eastern Pacific Ocean proposed for negative PDO (left)
and positive PDO (right). (Hollowed and Wooster 1992).
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Figure 8. Mean sea-level pressure patterns from the winters of 1972 (left) and 1977
(right). (From Emery and Hamilton 1985).
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The POO IS studIed WIth multIple mdices, mcludmg the anomahes of sea level
pressure (as m the NPI, wInch IS dIScussed below), anomahes of sea surface
temperature, and wmd stress (Mantua et al 1997, Hare et al 1999) The POO
changes, or oscillates, between posItIve (warm) and negatIve (cool) states (FIgures 9
and 10) In decades of pOSItIve POOs, below-normal sea surface temperatures
occur m the central and western North PacIfIc and above normal temperatures
occur m the GOA An mtense low pressure IS centered over the Alaska Penmsula,
resultIng m the GOA bemg warm and wmdy wIth lots of precIpItatIon In decades
of negatIve POOs, the OppOSIte sea surface temperature and pressure patterns
occur

The NPI, a unIvarIate tIme senes representIng the strength of the AleutIan Low,
shows the same twentIeth-century regimes defIned by the POO The NPI IS the
anomaly, or deVIatIon from the long-term average, of geograpIncally averaged sea
level pressure m the region from 160 E to 140 W,30 to 65 N, for the years 1899 to
1997 (Trenberth and Hurre11994, Trenberth and Paolmo 1980) The NPI was used
to IdentIfy clImatIc regimes m 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) penod effects on the tImmg of regIme slufts (Anderson
and Munson 1972) NegatIve (cool) POOs occurred durmg 1890 to 1924 and 1947 to
1976, and pOSItIve (warm) POOs dommated from 1925 to 1946 and from 1977 to
about 1995 (Mantua et al 1997, Mmobe 1997) Mmobe's analysIS of the NPI
IdentIfIed a characterIStIc S-shaped waveform WIth a 50-year penod (smusOldal
pentadecadal) (FIgure 4) (Anderson and Munson 1972) HIS analysIS pomted out
that rapId transItIOns from one regIme to another could not be fully explamed by a
smgle smUSOldal-wavehke effect The speed WIth whIch regIme slufts occurred m
the twentIeth century led Mmobe to suggest that the pentadecadal cycle IS
synchroruzed or phase locked WIth another clImate variatIon on a shorter bidecadal
tIme scale (Anderson and Munson 1972)

In additIon to penodic and seasonal changes, there IS eVIdence that the
AleutIan storm track has slufted to an overall more southerly pOSItIon durmg the
twentIeth century (RIchardson 1936, Klem 1957, WhIttaker and Horn 1982, WIlson
and Overland 1986)
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Coastal Current.



Figure 10. Schematic of physical processes during the winter in a negative PD~ 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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GULF ECOSYSTEM MONITORING AND REsEAROi PLAN

5.23.3 EI Nliio Southern OsclllatJotffhe ENSO IS a weather pattern (Is ENSO
really a weather pattern or an ocean/pressure pattern?) ongmatmg m the
equatonal PacIfIc WIth strong mfluences as far north as the GOA (Emery and
HamIlton 1985) ENSO IS marked by three states warm, normal, and cool (EnfIeld
1997) See FIgure 11 Under normal condItIons, the water temperatures at the
contmental boundary of the eastern PacIfIc are around 20 C, as cold bottom waters
(8 C) nux WIth warmer surface water to form a large pool of relatIvely cool water
of the coast of Peru When an EI Nrfio (warm) event starts, the pool of cool coastal
water at the contmental boundary becomes smaller and smaller as warm water
masses (20 C to 30 C) from the west move on top of them, and the sea level starts
to rISe At full EI Nrfio, mcreases m the surface water temperatures of as much as
5 4 C have been observed very close to the coast of Peru EI Nrfio also brmgs a sea
level rISe along the Equator m the eastern PaCIfIC Ocean of as much as 34
cenhmeters, as warm buoyant waters movmg m from the west overnde cooler,
denser water masses at the contmental boundary In a cool La NIfia event, the sea
levels are the OpposIte from an EI Nrfio, 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 mto the GOA (FIgure 11)
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Figure 11. Pacific Ocean Reynolds monthly sea surface temperature (SST) in
degrees Celsius during La Nina (top), EI Nino bottom), and normal (middle) ENSO
events. Source: Tropical Atmosphere Ocean Project Office, Pacific Marine
Environmental Laboratory, National Oceanic and Atmospheric Administration,
available at <http://wvvw.pmel.noaa.gov/toga-tao/el-ninolla-nina-pacific.html>. also
use Martin reference? (Martin 1997) http://wvvw.pmel.noaa.gov/toga-tao/el-ninolla
nina-pacific.html
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The ENSO has effects m some of the same geograpluc 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 IS easIest to
detect, m the eastern equatorIal PacIfIc, whereas PDO dommates the eastern North
PacIfIc, mcludmg the GOA The slIDultaneous occurrence of two major weather
patterns m one locatIon illustrates Mmobe's pomt that multIple forcmg factors WIth
dIfferent characterIStIc frequencIes must be operatIng slIDultaneously to create
regIIDe shIfts (FIgure 4)

The role of manne mputs to the watershed phase
of regIonal bIOgeochemIcal cycles has been
recogmzed for some tIme (MathISen 1972) The
followmg specIes have been found to transport

manne nutrIents wIthm watersheds

• Anadromous specIes, such as salmon (Klme et al 1993, Ben-DavId et al
1998a),

• Manne-feedmg land anIIDals, such as rIver otters (Ben-DaVId et al 1998b)
and coastal mmk (Ben-DaVId et al 1997a), and

• OpportunIStIc scavengers as rIvenne mmk (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 m the marme
envIronment, such as harlequm duck or black-taIled deer, IS a pathway to the
watersheds for manne nutrIents SpecIes that transport marme nutrIents play
lIDpOrtant roles m supportIng a WIde dIverSIty of other fauna and flora, as
determmed from levels of marme rntrogen m Juvemle fIsh, mvertebrates, and
aquatIc and rIparIan plants (Bilby et al 1996, PIOrkowskI 1995, Ben-DaVId et al
1998a,1998b) In studIes of a small Alaska stream contammg chmook salmon,
PIOrkowskI (1995) supported the hypothesIS that salmon carcasses can be lIDpOrtant
m structunng aquatIc food webs In partIcular, mICrobIal compOSItIon and
dIverSIty determme the ability of the stream ecosystem to use nutrIents from
salmon carcasses, a pnncIpal source of marme rntrogen

The role of marme nutrIents m watersheds IS key to understandIng the relatIve
lIDportance of clIIDate and human-mduced changes m populatIon levels of bIrds,
fIsh, and mammals Indeed, losses of baSIC habItat productIVIty because of low
numbers of salmon entermg a watershed (Klme et al 1993, MathISen 1972,
PIOrkowskI 1995, Fmney et al 2000) may be confused WIth the effects of fIsherIes
mterceptIons or manne clIIDate trends ComparISon of anadromous fIsh-bearmg
streams to non-anadromous streams has demonstrated dIfferences m productIVItIes
related to marme nutrIent cyclmg Import of marme nutrIents and food energy to
the 10tIc (flowmg water) ecosystem may be retarded m systems that have been
denuded of salmon for any length of tIme (PIOrkowskI 1995)
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G PaleoecologIcal studIes (wInch focus on anCIent events) m watersheds bearmg
anadromous speCIes can shed hght on long-term trends m marme prodUCtIVity
Use of marme mtrogen m sedIment cores from freshwater spawmng and rearmg
areas to reconstruct prelustorIc abundance of salmon offers some InsIghts mto long
term trends m chrnate, and mto how to separate the effects of chrnate from human
Impacts such as fIshmg and habItat degradatIon (Fmney 1998)

As agenaes grapple With
Implementation of

ecosystem-basedmanagement,
conservation actions are likely

to focus more on
ecosystem processes and

less on smgle species

Watershed studIes hnkmg the freshwater and marme portIons of the regIonal
ecosystem could pay Important benefIts to natural resource management agenCIes
As agenCIes grapple WIth ImplementatIon of ecosystem-based management,
conservatIon actIons are hkely 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
extendmg the protectIon now afforded to smgle specIes,
such as targeted commercIally Important salmon stocks, to
ecosystem functIons (Mangel et al 1996) In process
onented conservatIon (Mangel et al 1996), productIon of
ecolOgIcally central vertebrate speCIes IS combmed WIth
measures of the productIon of other specIes and measures of
energy and nutrIent flow among tropInc levels to IdentIfy
and protect ecolOgIcal processes such as nutrIent transport ApphcatIons of
ecolOgIcal process measures m Alaska ecosystems have shown the feasIbility and
potentIal Importance of such measures (Khne et al 1990, Klme et al 1993, Matlusen
1972, PIorkowskI 1995, Ben-DaVid et al 1997a, 1997b, 1998a, 1998b, SzepanskI et al
1999), as have apphcatIons outsIde of Alaska (Bilby et al 1996, Larkm and Slaney
1997)

5.4 1 PhySical Setting, Geology,
and Geography

The GOA mcludes the contInental shelf, slope,
and abyssal plam of the northern part (north of
500 N) of the northeastern PaCIfIc Ocean It
extends 3,600 kilometers (krn) westward from
1270 30' W near the northern end of Vancouver

Island, BrItIsh ColumbIa, to 1760 W along the southern edge of the central AleutIan
Islands It mcludes a contInental shelf area of about 3 7 x 1()5 km2 (110,000 square
nautIcal mIles [Lynde 1986]) The area of the shelf amounts to about 17% of the
entIre Alaskan contInental shelf area (286 x 106 krn2 total) and apprOXImately 12 5%
of the total contInental shelf of the Umted States (McRoy and Goermg 1974) ThIS
vast oceamc dornam sustaIns a nch and dIverse marme lIfe that supports the
econOlmc and subSIStence hvehhood for both Alaskans and people hvmg m ASIa
and North AmerIca The GOA IS also an Important transportatIon corndor for
vessels carrymg cargo to and from Alaska and vessels travehng the Great CIrcle
Route between North Amenca and AsIa

54 PhySical and
Geological
Oceanography Coastal
Boundaries and Coastal
and Ocean Circulation
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The lugh-Iantude locanon and geologIcallustory of the GOA and adjacent
landmass strongly mfluence present-day regIonal meteorology, oceanography, and
sedImentary enVIronment The northern extensIon of the Cascade Range, WIth
mountaIns rangmg m alntude from 3 to 6 km, rmgs the coast from Bnnsh
ColumbIa to Southcentral Alaska (Royer 1982) The Aleunan Range spans the
Alaska Penmsula m the western GOA and contams peaks exceedmg 1000 m m
elevanon All of the mountams are young and therefore provIde plentlful sources
of sedtment to the ocean The regIon IS SeISmIcally acnve because It hes Wlthm the
convergmg boundanes of the Pactftc and North Amencan plates The monons of
these plates control the seISmICIty, tectOnICS, volcamsm, and much of the
morphology of the GOA and make thIS regIon one of the most tectonIcally acnve
regIons on earth Uacob 1986) Indeed, tectOnIC monon connnuously reshapes the
seafloor through faulnng, subsIdence, landshdes, tsunaffilS, and sou hquefacnon
For example, as much as 15 m of uphft occurred over pornons of the shelf durmg
the Great Alaska Earthquake of 1964 (Malloy and Merrill 1972, Plafker 1972, von
Huene et al 1972) These geolOgIcal processes mfluence ocean cIrculanon patterns,
dehvery of terrestrIal sedIments to the ocean, and reworkmg of seabed sedtments

ApproXImately 20% of the GOA watershed IS covered by glaCIers today (Royer
1982) makmg the regIon the tlurd greatest glaCIal held on earth (MeIer 1984) The
glaCIers reflect both the subpolar, mantlme chmate and the regIonal dlStrlbunon of
mountaIns, or orography, of the GOA (see SectIon 5 3) of the GOA The chmate
settmg mcludes lugh rates of preclpltanon and cool temperatures, especIally at lugh
alntudes, that enhance the fonnanon of the Icehelds and glaCIers The Icehelds are
both a source and smk for the fresh water dehvered to the ocean In some years the
glaCIers gam and store the preClpltanon as Ice and snow, m other years, the stored
preclpltanon IS released mto the numerous streams and nvers drammg mto the
GOA GlaCIal scounng of the underlymg bedrock prOVIdes an abundance of nne
gramed sedIments to the GOA shelf and basm (Hampton et al 1986) The major
mputs of glaCIal sedIment are the Benng and Malaspma glaCIers and the Alsek and
Copper nvers m the northern GOA and the Kmk, Matanuska, and Susltna nvers
that feed Cook Inlet m the northwest GOA (Hampton et al 1986)

The bathymetry, or bottom depth vananons, of the GOA reflects the dtverse
and complex geomorphologIcal processes that have worked the regIon durmg
mIlhons of years The GOA abyssal plam 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 Aleunan Trench along the connnental slope
south of the Aleunan Islands Numerous seamounts, remnants of subsea volcanoes
assOCIated WIth spreadIng centers m the Pactftc hthosphenc plate (at the earth's
crust), are scattered across the central basm Several of the seamounts or guyots
(flat-topped seamounts) lISe to wlthm a few hundred meters of the sea surface and
proVIde Important mesopelagIc (mIddle depth of the open sea) habItat for pelagIC
(open sea) and bentluc (bottom) marme orgamsms
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The conbnental shelf vanes m wIdth from about 5 km off the Queen Charlotte
Islands m the eastern GOA to about 200 km north and south of Kodiak Island
Along the Aleutran Islands, the shelf break 15 extremely narrow or even absent, as
depths plunge rapIdly north and south of the 1Siand cham The numerous passes
between these 1Siands control the flow between the GOA and the Benng Sea, WIth
depths (and mflow) generally mcreasmg m the westerly drrectron (Favonte 1974)
In the eastern Aleutrans, most of the passes are shallow and narrow, the largest
bemg Amukta Pass WIth a maxlffial depth of 430 m and an area of about 20 km2

(Favonte 1974) Ummak Pass 15 the easternmost pass (of oceanographIc
sIgrnhcance) and connects the southeast Bermg Sea shelf drrectly to the GOA shelf
near the Shumagm Islands ThIS pass 15 about 75 m deep and has a cross-sectronal
area of about 1 km2 (Schumacher et al 1982)

The shelf topography m the northern GOA 15 enormously complex because of
both tectomc and glaCIal processes (FIgure 12) Numerous troughs and canyons,
many onented across the shelf, punctuate the sea floor Subsea embankments and
ndges abound as a result of subSIdence, uphft, and glaCIal morames These
geologIcal processes have also shaped the lffiffiensely comphcated coastlme that
mcludes numerous SlUed and unsl1led fjords, embayments, capes, and 1Siand
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 Inner shelf
waters offshore Interactron of shelf currents WIth thIS 1Siand 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 hes west of Kayak Island, 15 a large complex, fjord-type estuarme
system WIth characterlStrcs of an mland sea (Muench and Heggie 1978) The sound
commumcates WIth the GOA shelf through Hmchmbrook Entrance m the eastern
sound and Montague StraIt and several smaller passes m the western sound The
shelf 15 relatrvely shallow (about 125 m deep) south of Hmchmbrook Entrance and
along the eastern shore of Montague Strait Hmchmbrook Canyon, however, has
depths of about 200 m and extends southward from Hmchmbrook Entrance and
opens onto the conbnental slope ThlS canyon 15 a potentrally lffiportant condUIt by
whIch slope waters can commumcate drrectly WIth sound Central PWS 15 about
60 km by 90 km WIth depths typICally m excess of 200 m and a maxImal depth of
about 750 m m the northern sound The entrances to PWS are guarded by the shelf,
sllIs, or both of about 180-m depth Numerous 1Siands are scattered throughout the
sound and bays, fjords, and numerous glaCIers are mterspersed along Its rugged
coasthne
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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, whtch are greater than the depths over
the adjacent shelf To the west of the KenaI Penmsula IS Cook Inlet, whtch extends
about 275 km from Its mouth to Anchorage at Its head The mlet IS about 90 km
wIde at Its mouth, narrows to about 20 km at the Forelands some 200 km from the
mouth, and then wIdens to about 30 km near Anchorage Upper Cook Inlet
branches mto two narrow arms (TurnagaIn and Kmk) 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 bemg so shallow that extensIve
mudflats are exposed durmg low hdes The bottom topography throughout the
mlet reflects extensIve faulhng and glaCIal eroSIon (Hampton et al 1986)

At Its mouth, Cook Inlet commumcates WIth the northern shelf through
Kennedy Entrance, to the east, and WIth Shehkof StraIt, to the west The latter IS a
200-km by 50-km rectangular channel between KodIak Island and the Alaska
Penmsula WIth numerous fjords mdenhng the coast along both SIdes of the straIt
The mam channel, WIth depths between 150 and 300 m, veers southeastward at the
lower end of KodIak Island and mtersects the conhnental slope west of Chmkof
Island Southwest of Shehkof StraIt bottom depths shoal to 100 to 150 m, and the
shelf IS comphcated by the passes and channels assocIated WIth the Shumagm and
SemIdI ISlands

5 4 2 AtmospheriC Forcmg of GOA Waters

The chmate over the GOA IS largely shaped by three semI-permanent
atmosphenc pressure patterns the Aleuhan Low, the SIbenan HIgh, and the East
PacIfIc HIgh (WIlson and Overland 1986) These systems represent statIshcal
compOSItes of many mdlvldual pressure cells movmg across the northern North
PaCIfIC The chmatologIcal poslhon of these pressure systems varIes seasonally, as
shown m FIgure 13 From October through Apru, the cold au masses of the
SIbenan HIgh deepen over northeastern SIbena, and the East PaCIfIC HIgh IS
centered off the southwest coast of CalIforma From May through September, the
SIbenan HIgh weakens and the East PacIfIc HIgh mIgrates northward to about
400 N and attams Its greatest mtenslty (hIghest pressure) m June The seasonal
changes m mtenslty and poslhon of these htgh-pressure systems mfluence the
strength and propagahon paths of low-pressure systems (cyclones) over the North
PacIfIc In wmter, the SIbenan HIgh forces storms mto the GOA, and lows are
strong, m summer, these systems are weaker and propagate along a more northerly
track across the Bermg Sea and mto the Archc 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
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The low-pressure storm systems that compose the AleutIan Low form m three
ways Many are generated m the western PacIfIc when cold, dry au flows off AsIa
and encounters northward-flowmg, warm ocean waters along the ASIan contInent
AddItIonal formatIon regIOns occur m the central PacIfIC along the SubarctIc Front
(near 35° N) where strong latItudmal gradIents of ocean temperature mteract WIth
unstable, wmter aIr masses (Roden 1970) Fmally, the GOA can also be a regIon of
actIve cyclogenesIS (low-pressure formatIon), partIcularly m wmter when fngId aIr
spills southward over the frozen Bermg Sea, the Alaska mamland, or both (WInston
1955) Such condItIons can be hazardous to marmers because the accompanymg
htgh wmd speeds and subfreezmg au temperatures can lead to rapId vessel Icmg
(Overland 1990)

Regardless of ongm, these lows generally strengthen as they track eastward
across the North PacIfIC ThIs mtensIfIcatIon results from the flux of heat and
mOIsture from the ocean to the atInosphere The lows attam maXimal strength
(lowest pressure) m the western and central GOA Once m the GOA, the coastal
mountatns mhtbit mland propagatIon, so that the storms often stall and dISSIpate
here Indeed, RUSSIan marmers refer to the northeastern GOA as the "graveyard of
lows" (Plakhotmk 1964)

The mountatns also force au masses upward, resultIng m coolmg,
condensatIon, and enhanced preCIpItatIon The preCIpItatIon feeds numerous
mountam dramages that feed the GOA or, m wmter, IS stored m snowfIelds and
glaCIers where It can remam for penods rangmg from
months to years

Seasonal vanatIons m the mtensity and paths of these
low-pressure systems markedly mfluence meteorolOgical
condItIons m the GOA Of partIcular Importance to the
marme ecosystem are the seasonal changes m radiatIon,
wmd velocIty, precipitatIon, and coastal runoff

The mcommg short-wave radiatIon that wanns the sea surface and proVIdes
the energy for marme photosynthesIS IS strongly affected by cloud cover
Throughout the year, cloud cover of more than 75% occurs over the northern GOA
more than 60% of the tIme (Brower et al 1988)/ and cloud cover of less than 25%
occurs less than 15% of the tIme Interannual varIability mcloud cover, espeCIally
m summer, can affect sea-surface temperatures and pOSSIbly the mIxed-layer
structure (whtch also depends heavily on salmtty dIstrIbutIon) The anomalously
warm surface waters observed m the summer and fall of 1997 were probably due to
unusually low cloud cover and mtld wmds (Hunt et al 1999) The charactenstIc
cloud cover IS so heavy that It hmders the effectIve use of paSSIve mIcrowave
sensors, such as Advanced Very HIgh ResolutIon Radar (AVHRR) and Sea-vIewmg
WIde FIeld of VIew Sensor (SeaWIfs), m ecosystem momtormg

The cyclomc (counterclockWISe) wmds asSOCIated WIth the low-pressure
systems force an onshore surface transport (Ekman transport) over the shelf and
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downwellmg along the coast FIgure 14 shows the mean monthly Upwellmg Index
on the northern GOA shelf Tlus mdex IS negatIve (Implymg downwellmg) m most
months, mdicatIng the prevalence of onshore Ekman transport and coastal
convergence Downwellmg favorable wmds are strongest from November through
March, and feeble or even weakly antIcyclomc (upwellmg favorable) m summer
when the AleutIan Low IS dISplaced by the East PacIfIc HIgh (Royer 1975, WIlson
and Overland 1986) Over the central basm, these wmds exert a cydomc torque (or
wmd-stress curl) that forces the large-scale ocean cIrculatIon

The hIgh rates of preCIpItatIon are eVIdent m long-term average measurements
FIgure 6 IS 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 m southeast Alaska and PWS exceed
4 m-yr-1 Except over the Alaska Penmsula m the western GOA, the coastal
preCIpItatIon rates are much greater than the estImated net preCIpItatIon rate of
1 m-yr lover the central basm (Baumgartner and ReIchel 1975) The coastal
estImates are undoubtedly bIased because most of the measurements are made at
sea level and therefore do not fully capture the mfluence of altItude on the
preCIpItatIve flux

FIgure 14 also mcludes the mean monthly coastal dIScharge from Southeast and
Southcentral Alaska as estImated by Royer (1982) On an annual average thIS
freshwater mflux IS enormous and amounts to about 23,000 m3 s I, or about 20%
greater than the mean annual MISSISSIppI RIver dIScharge, and accounts for nearly
40% of the freshwater flux mto the GOA ThIS runoff enters the shelf mamly
through many small (and ungauged) dramage systems, rather than from a few
major nvers Consequently, the dIScharge can be thought of as a dIffuse, coastal
"Ime" source" around the GOA penmeter, rather than arISmg from a few, large
"pomt" sources The dIScharge IS greatest m early fall and decreases rapIdly
through wmter, when preCIpItatIon IS stored as snow There IS a secondary runoff
peak m sprmg and summer, because of snowmelt (Royer 1982) The phasmg and
magmtude of thIS freshwater flux IS Important, because salImty prImanly affects
water denSItIes (and therefore ocean dynalllics) m the northern GOA
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FIgure 14 shows that the seasonal varIatIon m wmd stress and freshwater
dIscharge IS large, but also that these varIables are not m-phase WIth one another,
downwellmg IS maxImal m wmter and mmIffial m summer, whereas dIScharge IS
maxImal m fall and mmIffial m late wmter Both wmds and buoyant dIscharge
affect the vertIcal densIty strabfIcatIon and contrIbute to the formatIon of hOrIzontal
pressure (and densIty) gradIents over the shelf and slope The wmd fIeld over the
shelf IS spatIally coherent (LIvmgstone and Royer 1980) because the scale of the
storm systems that enter the GOA are comparable to the SIZe of the basm The
alongshore coherence of the wmd fIeld and the dIStrIbuted nature of the coastal
dIscharge suggest that forcmg by wmds and buoyancy IS approxImately uruform
along the length of the shelf Both the wmds and buoyant flux force the mean
cyclomc alongshore flow over the GOA shelf and slope (Reed and Schumacher
1986, Royer 1998), as shown schematIcally m FIgure 4 On the mner shelf, the flow
COnsISts of the ACC, and over the slope, It consISts of the Alaska Current (eastern
and northeastern GOA) and the Alaskan Stream (northwestern GOA) These
current systems are extensIve, swIft, and conbnuous over a vast alongshore extent
Thus, the shelf and slope are strongly affected by advecbon (transport of
momentum, energy, and dISsolve and suspended matenals by ocean currents),
Implymg that clImate perturbatIons, even those occurrmg far from the GEM study
area, can be effICIently commumcated mto the northwestern GOA by the ocean
CIrculatIon The strong advectIon also ImplIes that processes occurrmg far
upstream mIght substantIally mfluence bIOlOgical productIon withm 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 mto three domaIns

• The mner shelf (or ACC domam) consISbng of the ACC,

• The outer shelf, mcludmg the shelf-break front, and

• The mId-shelf region between the mner and outer shelves

Because the boundanes separabng these regions are dynamIC, theIr locatIons
vary m space and tIme Although dynamIC connectIons among these domaIns
undoubtedly eXISt, the nature of these lmks IS poorly understood

The ACC IS the most promment aspect of the shelf CIrculatIon It IS a perSIStent
CIrculatIon feature that flows cyclomcally (westward m the northern GOA)
throughout the year ThIS current ongmates on the BrItISh ColumbIan shelf
(although m some months or years, It mIght ongmate as far south as the ColumbIa
River [Royer 1998, Thomson et al 1989]), about 2,500 km from Its entrance mto the
Bermg Sea through UnImak Pass, m the western GOA (Schumacher et al 1982)

The ACC IS a swIft (20 to 180 centImeters per second [cm S-I] [04 to 36 knots]),
coastally trapped flow typICally found withm 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, entenng through Hmchmbrook Entrance and eXIbng through
Montague Strait (NIebauer et al 1994) Therefore, the ACC potenhally IS Important
to the crrculahon dynamICS of PWS, clearly, It IS a cnhcal advechve and mIgratory
path for matenal 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 conbnues southward through ShelIkof Strait (Muench
et al 1978), the remamder flows southward along the shelf east of KodIak Island
(Stabeno et al 1995) Although there are no long-term (mulhyear) eshmates of
transport m the ACC, dIrect measurements (Schumacher et al 1990, Stabeno et al
1995) along the KenaI Pemnsula and upstream of KodIak suggest an average
transport of about 0 8 Sverdrup (Sv, a urut of flow equal to 1 mIllIOn CUbIC meters
per second [1 Sv equals 106 m3 s 1]), WIth a maXImum m wmter and a mInImum m
summer

The large annual cycle m wmd and freshwater dIScharge IS reflected m the
mean monthly temperatures and salmIhes at hydrographIc stahon GAK I, near
Seward, on the rrmer shelf (FIgure 15) Mean monthly sea-surface temperatures
range from about 3 5°C m March to aboutl4°C m August The amphtude of the
annual temperature cycle, however, dImInIShes WIth depth, WIth the annual range
bemg 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 httle thermal stratIficahon from December through May

Surface sahmhes range from a maXImum of about 31 prachcal salmIty unIts
(psu) m late wmter to a mmImum of 25 psu m August Verhcal sahmty (densIty)
gradIents are mInImal m March and April and maxImal m the summer months
Surface stratIfIcahon commences m AprIl or May (somewhat earher m PWS), as
cyclomc wmd stress decreases and runoff mcreases, and IS greatest m mId- to late
summer The rrmer shelf and PWS stratIfy fIrst, because runoff InIhally IS confmed
to nearshore regions and only gradually spreads offshore through ocean processes
Solar heabng prOVIdes addihonal surface buoyancy by warmmg the upper layers
umformly across the shelf However, the thermal stratIficahon remaIns weak until
late Mayor June As wmds mtensIfy m fall, the stratIficahon erodes, resulbng from
stronger verhcal mIXmg and mcreased downwelhng, whIch causes surface waters
to smk along the coast
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Withm the ACC, the annual amphtude m salmtty dmumshes With depth and has
a mnumum of about 0 5 psu at about the 100-m depth At greater depths, the
annual amphtude mcreases but the annual salmtty cycle IS out of phase WIth near
surface salmtty changes For example, at and below the 1,50 m depth, the sahmty IS
mnumal m March and maxlffial m late summer-early fall The phase dtfference
between the near-surface and near-bottom layers reflects the combmed mfluence of
wmds and coastal dIScharge In summer, when downwellmg relaxes, salty,
nutnent-nch water from offshore mvades the mner shelf (Royer 1975) The upper
portIon of the water column IS freshest m summer, when the wmds are weak (httle
rntxmg) and coastal dIScharge IS mcreasmg Verhcal IDlXillg IS strong through the
wrnter and redIStnbutes fresh water, salt, and possIbly nutnents throughout the
water column

The effects of the seasonal cycle of wmd- and buoyancy forcmg are also
reflected m both the hydrographtc propertIes and the along-shore veloCIty
structure of the shelf The seasonal transihons m temperature and salmtty
properhes are shown m FIgure 16, whtch IS constructed from cross-shore sechons
along the Seward Lme m the northern GOA for Apnl (representahve of late
wrnter), August (summer), and October (fall)
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The ACC domam, or mner shelf, IS WIthIn 50 km of the coast From February
through April, the vertIcal and cross-shelf gradIents of sahmty and temperature are
weak, and the ACC front hes 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 dynamICS are pnmarIly wmd-dnven and barotropIc
(controlled by sea-surface slopes setup by the wmds) at thIS tIme Gohnson et al
1988, Stabeno et al 1995) In summer (late May to early September), the vertIcal
stratIfIcabon IS large, but cross-shelf salmIty (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 IS weak, although hIghly vanable, m summer Verbcal
stratIfIcabon weakens m fall, but the cross-shelf sahmty gradients and the ACC
front are stronger than at other tImes of the year As coastal downwellmg
mcreases, the front moves shoreward to WithIn 30 km of the coast and steepens so
that the base of the front mtersects the bottom between the 50 and 100 m ISobaths

The dynamICS of the ACC from summer through late fall are pnmarIly
barochmc (controlled by cross-shore, subsurface densIty gradIents) The ACC IS
often Jet-hke and IS strongly sheared vertIcally m fall The strong verbcal shears m
velocIty could affect predator-prey mteracbons Phytoplankton and many Juvenile
and forage fIShes occur m the upper 25 m of the water column on the mner shelf m
summer and fall (Boldt 2000) and (Haldorson 2001) Because the maXImal
sustamed SWImmmg speeds of small fISh are typIcally less than the along-shelf

( ) current speeds, these organISms cannot SWIm agamst the current The zooplankton
\.~ (mmute anImal hfe) that feed upon the phytoplankton and on whIch the fISh prey

do IDlgrate daily (dIUrnally) over the approxImate 200-m depth of the mner shelf,
however Therefore, dIUrnally and vertIcally IDlgrabng zooplankton swarms are
unhkely to encounter the same phytoplankton patches and fISh schools durmg 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 vanabons m the ACC frontal
structure should strongly mfluence the vertIcal and honzontal transport and
IDlXffig of dISSolved and suspended matenal, both across and along the mner shelf
Royer et al (1979) showed that surface dnfters released seaward of the ACC front
frrst drIfted onshore (m accordance WIth Ekman dynamICS) and then dnfted along
shore upon encountermg the ACC front Conversely, Johnson et al (1988) showed
that, Inshore of the front, the surface layer spreads offshore, With thIS offshore flow
mcreasmg as dIScharge mcreases m fall Taken together, these results suggest
cross-frontal convergence arISmg from dIffermg dynamICS on eIther SIde of the
ACC front Buoyancy effects dommate at the surface Inshore of the front (at least
for part of the year), wmd forcmg dommates offshore of the front Convergence
across the front would tend to accumulate plankton along the frontal boundary,
possIbly attracbng foragmg fISh, seabIrds, and manne mammals (Haldorson 2001)
The front IDlght also be a region of sIgmf1cant vertIcal mobons Downwellmg
veiocibes of about 30 meters per day (m-d 1) m the upper 30 m of the water column
are pOSSIble m fall (ThIS estImate IS based on the assumpbon 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 I seaward of the front and an offshore flow of -15 cm-s I [Johnson et al 1988]
Inshore of the front)

The m1d-shelf domam covers the reglOn between 50 and 125 km from the coast
Here cross-shelf temperature and saltmty gradIents are weak m all seasons In
general, the strongest honzontal densIty gradients occur Withm the bottom 50 m of
the water column, probably assOCIated WIth the Inshore locatIon of the shelf-break
front (which does not always have a surface expresslOn) The bottom of the shelf
break front IS generally found farther Inshore m summer than m fall or wmter
Over the upper portIon of the m1d-shelf water column, the vertIcal stratIfIcatIon IS
largely controlled by Salmity m most months, although vertIcal saltmty gradIents
are weaker here m summer and fall than on the mner shelf Consequently, m
summer, thermal stratIfIcatIon plays an Important role m stratIfymg the m1d-shelf
water column Here, the along-shelf flow IS weakly westward on average because
of the feeble honzontal densIty gradIents Both the flow and honzontal densIty
gradIents are highly vanable, however, because of energetIc mesoscale (10- to
50-km) flow features PotentIal sources for the mesoscale vanability 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 Meandermg of the Alaska Current along the contInental slope (NIebauer et
al 1981)

ThIS mesoscale varIabIlIty IS very dtfftcuIt to quantIfy, because It depends on
spatIal varIatIons m the coastlme and the bottom topography and on seasonal
varIatIons m the wmds and shelf densIty structure Nevertheless, these mesoscale
features appear to be bIologically sigrufIcant 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 Shehkof Strait Moreover, the nutrItIonal condItIon of frrst
feedmg larvae IS sigrufIcantly better InsIde than outsIde of eddIes (Canmo et al
1991)

The mner and m1d-shelf domaIns share two other noteworthy characterIStIcs
Fust, durmg much of the year, the cross-shelf sea surface temperature contrasts are
generally small (about 2°C) The small thermal gradients and heavy cloud cover
reduce the utIhty of thermal mfrared radlOmetry m assessmg CIrculatIon features
and frontal boundarIes m the northern GOA

Second, the bottom-water propertIes of the shelf change markedly throughout
the year The above fIgures show that the hIgh-saltmty bottom waters carned
Inshore are drawn from over the contInental slope m summer ThIS mflow occurs
annually and probably exerts an Important dynam1cal mfluence on the shelf
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cuculabon by modIfymg the bottom boundary layer (GawarkIewlcz and Chapman
1992, Chapman 2000, PIckart 2000) It ffilght also serve as an 1mportant seasonal
onshore pathway for oceanIC zooplankton These an1mals ffilgrate dlUrnally over
the full depth of the water column, durmg the long SUmlner day length, the
zooplankton will spend more bme at the bottom than at the surface The bottom
flow that transports the mgh-salmlty water shoreward ffilght then result m a net
shoreward flux of zooplankton m summer The sUmlnerbme mflow of salme water
onto the mner shelf 15 one means by whIch the slope and basm mtenor
commumcates drrectly WIth the nearshore, because (as d15cussed below) tills water
15 drawn from Wlthm the permanent haloclme (depth horlZon over wmch salmlty
changes rapIdly) of the GOA The deep summer mflow 15 a potenbally 1mportant
condmt for nutrIents from offshore to onshore Inflow, however, 15 not the only
means by wmch nutrlent-nch offshore water can supply the shelf Other
mechanlSlns mclude flow-up canyons mtersecbng the shelf break (Klmck 1996,
Allen 1996, Allen 2000, Hickey 1997), topograpmcally-mduced upwellmg (Freeland
and Denman 1982), and shelf-break eddIes and flow meanders (Bower 1991)

The thlrd domam, cons15bng of the shelf break and conbnental slope 15
mfluenced by the Alaska Current, wmch flows along the northeastern and northern
GOA, and Its transformahon west of 150° W, mto the southwestward-flowmg
Alaskan Stream These currents comprne the poleward 11mb of the North Paclbc
Subarcbc Gyre and provIde the oceamc connecbon between the GOA shelf and the
Paclbc Ocean The Alaska Current 15 a broad (300 km), slugglSh (5 to 15 em s 1)
flow WIth weak honzontal and verhcal velocIty shears The Alaskan Stream 15 a
narrow (100 km), swIft (100 cm s 1) flow WIth large veloClty shear over the upper
500 m (Reed and Schumacher 1986) The stream conbnues westward along the
southern flank of the Alaska Penlnsula and Aleuhan Islands and gradually
weakens west of 180° W (Tholnson 1972) The convergence of the Alaska Current
mto the Alaskan Stream probably entalls concoffiltant changes m the veloClty and
thermohalme gradIents along the shelf break Insofar as these gradIents mfluence
fluxes between the shelf and slope (Gawarklewlcz 1991), the transformabon of the
Alaska Current mto the Alaskan Stream 1mphes that shelf-break exchange
mechanlSlns are not umform around the GOA Moreover, the effects of these
exchanges on the shelf will also be mfluenced by the shelf WIdth, wmch vanes from
50 km or less m the eastern and northeastern GOA to about 200 km m 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 vanahons appear small, mterannual transport
vanahons may be as great as 30% (Royer 1981a) Tholnson et al (1990) found that
the Alaska Current IS swIfter and narrower m wmter than m summer Surface
salmlhes wlthm the Alaska Current vary by only about 0 5 psu throughout the
year, whereas the seasonal change m sea surface temperature (SST) IS comparable
to that of the shelf (about 10°C) Nevertheless, horlZontal and verhcal densIty
gradIents are controlled by the salmlty d15trlbubon MaXlffial strahflcahon occurs
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between depths of 100 and 300 m and IS assocIated WIth the permanent haloclme of
the GOA Haloclme salImhes 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,
Favonte et al 1976, Musgrave et al 1992) These water-mass characterlShcs are
Idenhcal to the propernes of the deep water that floods the shelf bottom each
summer (FIgure 16 )

Although eddy energtes of the Alaskan Stream appear small (Royer 1981a,
Reed and Schumacher 1986), sIgmfIcant alterahon of the slope and shelf-break
cIrculahon IS lIkely durmg occasIOnal passage of large (200-km-dIameter) eddIes
that populate the mtenor basm (Crawford et al 1999) Musgrave et al (1992) show
consIderable alterahon m 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
energehc, havmg typIcal SWIrl speeds of 20 to 50 cm s 1 (Tabata 1982, Musgrave et
al 1992, Okkonen 1992, Crawford et al 1999) They form m the eastern GOA,
prImarily m years of anomalously strong cyclomc wmd forcmg along the eastern
boundary (Willmott and Mysak 1980, Melsom A et al 1999, Meyers and Basu
1999) and then propagate westward at about 2 to 3 cm s 1 Most of the eddIes
remam over the deep basm and far from the conhnental slope, however, some
propagate along the slope, requrrmg several months to transIt from Yakutat to
KodIak Island (Crawford et al 1999, Okkonen 2001)

EddIes that Impmge upon the conhnental slope could sIgmfIcantly mfluence
the shelf cIrculahon and exchanges between the shelf and slope of salt, heat,
nutrIents, and plankton TheIr mfluence on shelf-slope exchange m the northern
GOA has not been ascertamed, but because they propagate slowly, are long-lIved,
and form epISodIcally, they could be a source of mterannual vanability for thIS
shelf These eddIes have many features m common WIth the Gulf Stream rIngs that
sIgmfIcantly mochfy shelf properhes along the East Coast of the Umted States
(Houghton et al 1986, Ramp 1986, Joyce et al 1992, Wang 1992, SchlItz sublllitted)
In the eastern GOA, WhItney et al (1998) showed that these eddIes cause a net
offshelf nutrIent flux In the northern GOA, they lllight have the OppOSIte effect,
because nutrIent concentrahons are generally hIgher over the slope than on the
shelf (WhItledge 2000, ChIlders 2000)

5 4 4 Blophyslcallmphcatlons

The magmtude of the sprmg phytoplankton bloom depends on surface nutrIent
concentrahons and water-column stability The annual resupply of nutrIents to the
euphohc zone IS not understood for the Inner shelf, however Cross-shelf, surface
Ekman transport m wmter cannot account for the hIgh nutrIent concentrahons
observed on the Inner shelf m sprmg (Childers 2000) and (WhItledge 2000)
Turbulent mIXmg durmg late fall and wmter could mIX the nutrIent-nch deep
water (brought onto the shelf m summer) up mto the surface layer m hIDe for the
sprmg bloom If so, vernal nutrIent levels lllight result from a two-stage
precondIhonmg process occurrIng durmg the several months precedmg the sprmg
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bloom The fIrst stage occurs m summer and IS related to the onshelf movement of
salme, nutrient-nch, bottom water as descnbed above The quantIty of nutnents
carned onshore then depends upon the summer wmd fIeld and the propertIes of
the slope source water that contrIbutes to thIS mflow The second step occurs m fall
and wmter and depends on turbulence Current InstabilitIes, downwellmg
mduced convectIon, and dIffuSIOn accomplISh the vertIcal mIxmg The extent of
thIS mIXmg depends upon the seasonally varymg stratIfIcatIon and the vertIcal and
honzontal velocIty structure of the ACC Each of these mechanISms probably
vanes from year to year, suggestIng that spnng nutnent concentratIons will also
vary

Another potentIally Important nutrIent source for the mner shelf ill sprmg IS
PWS Wmter mIXmg m the sound could brmg nutrient-nch water to the surface,
where It IS exported to the shelf by that portIon of the ACC that loops through
PWS

The tImIng of the sprmg bloom depends on development of stratIfIcatIon
Withm the euphotIc zone The euphotIc zone extends from the surface to a depth
where suffICIent hght stIll exISts to support photosynthesIS StratIfIcatIon WIthm
the euphotIc zone IS mfluenced by freshwater dISCharge and solar heatIng
Prehmmary GLOBEC data (WhItledge 2000) (Stockwell 2000) suggest that the
sprmg bloom begIns m protected regions of PWS m late March as day length
mcreases and stratIfIcatIon bwlds as a result of snowmelt, ramfall, and the
sheltermg effect of the PWS from wmds 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 requrred to stratIfy the shelf Because densIty IS
strongly affected by sahmty and, therefore, by the spreadmg 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 IS a consequence of three
dImensIOnal CIrculatIon and mIXmg processes mtImately asSOCIated WIth ocean
dynamICS

Several ImphcatIons follow from thIS hypothesIS FIrst, sprmg bloom dynamICS
on the shelf are not as tIghtly coupled to the solar cycle as on mId-latItude shelves
where temperature controls densIty Second, mIXed-layer development depends
on processes operatIng spannmg a range of tIme scales and mvolves a plethora of
vanables that affect vertIcal mIXmg and the offshore flux of fresh water from the
nearshore These vanables mclude the fractIons of wmter preCIpItatIon dehvered to
the coast as snow and ram, the tImIng and rate of sprmg snowmelt (a functIon of
aIr temperature and cloudmess), and the wmd velocIty The relevant tIme 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 contnbutes to stratIfIcatIon from very dIStant regIOns ThIrd,
mterannual variability m the onset and strength of stratIfIcatIon on the GOA
contInental shelf IS 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 (M2) tide being dominant and the luni-solar diurnal (Kl) tide being, in
general, of secondary importance.

Tidal characteristics
(amplitudes and velocities) are strongly influenced by the complex shelf and slope
bathymetry and coastal geometry, however. Consequently, spatial variations in the
tidal characteristics of these two species are large. For example, Anchorage has the
largest tidal amplitudes in the northern GOA, with the M2 tide being about 3.6 m
and the Kl 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 M2
constituent in the GOA. Further, about one-third of the energy of the Kl 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, Cummms and Oey 2000) and could affect pycnoclme
dIsplacements (The pycnoclme IS a verncallayer across whIch water densIty
changes are large and stable) The model of Foreman et al (Foreman et al 2000)
predIcts dIurnal-penod shelf waves m the northwest GOA and especIally along the
KodIak shelf break Although no observatIons are available to confrrm the
presence of such waves along the KodIak shelf, theIr presence could mfluence
bIOlogICal productIon here as well as the dISpersal of planktomc orgamsms
ResIdual flows resultIng from non-Imear tIdal dynamICS could (locally) mfluence
the transport of suspended and dISsolved matenals on the shelf

Seasonal changes m water-column stratIfIcatIon can also affect the vertIcal
dIStnbutIon of tIdal energy over the shelf through the generatIon of mternal
(baroclmIc) waves of tIdal penod Such motIons are lIkely to occur m summer and
fall m the northwestern GOA where the flux of barotropIc tIdal energy (whIch IS
nearly umformly dIStrIbuted over the water column) across the shelf break
(Foreman et al 2000) mteracts WIth the hIghly stratIfIed water column on the shelf
The mternal waves generated can have small spatIal scales (lOs of km) m contrast
to the large scale (l,OOOs of km) of the generatIng barotropIc tIdal waves
Moreover, the phases and amplItudes of the baroclImc tIdes will vary WIth seasonal
changes m stratIfIcatIon Although no systematIc mvestIgatIon of mternal tIdes on
the GOA shelf has been conducted, Damelson (2000) found that the tIdal velocItIes
m the ACC near Seward m wmter are about 5 cm s 1 and are barotropIc However,
m late summer, tIdal velocItIes m the upper 50 m are about 20 cm s 1 whereas below
100-m depth they are about 5 cm s 1 Internal tIdes will also dISplace the pycnoclme
suffIcIently to have biologtcal consequences, mcludmg the pumpmg of nutrIents
mto the surface layer, the dISpersal of plankton and small fIShes, and the formatIon
of transItOry and small-scale zones of honzontal dIvergence and convergence that
affect feedmg behavIOrs (Mann and LaZIer 1996) StratIfIed tIdal flows nught also
be sIgmftcant for some silled fjords The mteractIon of the tIde WIth the sill can
enhance nuxmg and exchange (Farmer and Snuth 1980, Freeland and Farmer 1980)
and can resupply the mner fjord WIth nutnent-nch, hIgh-salmIty water and
plankton through Bernoulli suctIon effects (Thompson and Goldmg 1981, Thomson
and Wolanskt 1984)

5 4 6 Gulf of Alaska Basin

The cIrculatIon m the central GOA COnsISts of the cyclomcally
(counterclockwISe) flowmg Alaska Gyre, whIch IS part of the more extensIve
subarctIc gyre of the North PaCIfIC Ocean The center of the gyre IS at about 530 N,
and 1450 to 1500 W The gyre mcludes the Alaska Current and Stream and the
eastward-flowmg North PacIfIc Current along the southern boundary of the GOA
The latter IS a trans-Pacmc flow that ongmates at the confluence of the northward
flowmg KuroshIo Current and the southward-flowmg OyashIo Current m the
western Pacmc Some water from the Alaska Stream apparently recIrculates mto
the North Pacmc Current, but the strength and locatIon of thIS recIrculatIon IS
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poorly understood and appears to be extremely vanable (Favonte et al 1976) The
North PacIfIc Current bIfurcates off of the western coast of North Amenca, WIth the
northward flow feedmg the Alaska Gyre and the southward branch entermg the
CalIforma Current The bIfurcahon zone IS located roughly along the zero lme m
the clImatological mean for the wmd stress curl The gyral flow reflects the large
scale cyclomc wmd-stress chstnbuhon over the GOA Mean speeds of dnfters
deployed m the upper 150 m of thIS gyre (far from the conbnental slope) are 2 to 10
cm s 1, but the varIability IS large (Thomson et al 1990) These cyclomc wmds also
force a long-term average upwellmg rate of about 10 to 30 m yr 1 m the gyre center
(XIe and HsIeh 1995)

The vertIcal thermohalme structure of the Alaska Gyre IS descnbed by Tully
and Barber (1960) and Dodlffiead et al (1963) and COnsISts of the followmg
components

1 A seasonally varyrng upper layer that extends from the surface to about the
100-m depth,

2 A haloclme that extends from 100 m to about the 20o-m depth over whIch
sa1mIty mcreases from 33 to 34 psu and temperatures decrease from 6 to
4° C, and

3 A deep layer, extendmg from the bottom of the haloclme to about the 1,000
m depth, over whIch salmlty mcreases more slowly to about 34 4 psu and
temperatures decrease from 4° to 3° C

Below the deep layer sa1mIty mcreases more slowly to Its maxrrn.al value of
about 34 7 psu at the bottom

The seasonal vanahons of the upper layer reflect the effects of wmd-mIXmg and
heat exchange WIth the atmosphere-essenhally one-dImensIOnal ffilXmg processes
The ocean loses heat to the atmosphere from October through March and gams
heat from Apnl through September The upper layer IS ISohalme and ISothermal m
wmter down to the top of the haloclme At thIS bIDe, upper-layer sa1mIhes range
from 32 5 to 32 8 psu, and temperatures range from 4° to 6° C The upper layer IS
fresher and colder m the northern GOA and salher and warmer m the southern
GOA The upper layer gradually freshens and warms m spnng, as wmd speeds
decrease and solar heabng mcreases A summer mIXed layer forms that mcludes a
weak secondary haloclme and a strong seasonal thermoclme, WIth both centered at
about the 30-m depth The seasonal pycnoclme erodes and upper layer propertIes
revert to wmter conchhons as coolmg and wmd-mIXmg mcrease m fall

The haloclme IS a permanent feature of the Subarchc North PacIfIc Ocean and
represents the deepest lImIt over whIch wmter ffilXffig occurs Wlthm the upper
layer The haloclme results from the hIgh (compared WIth other ocean basIns) rates
of preclpltahon and runoff m conJUllchon WIth large-scale, three-dImensIOnal
crrculahon and mtenor ffilXffig processes occurrmg 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 halochne effectIvely lmuts vertIcal exchange between sabne and
nutrient-nch deep water and the upper layer The deep waters of the GOA COnsISt
of the North PacIfIc IntermedIate Water (formed m the northwestern PacIfIc Ocean)
and, at greater depths, contrIbutIons from the North AtlantIc Mean flows m the
deep mtenor are feeble (1 cm s I), and the flow dynamICS are governed by both the
clImatolOgical wmd stress dIStnbutIon (Kobhnsky et al 1989) and the global
thermohahne CIrculatIon (Warren and Owens 1985) modIfIed by the bottom
topography The thermohabne crrculatIon carnes nutnent-nch waters mto the
North PacIfIc and forces a weak and deep upwelhng throughout the region
(Stommel and Arons 1960a, 1960b, ReId 1981)

5 4 7 General Research Questions

What physical-cheffilcal processes control prImary and secondary productIon,
and m partIcular, what processes control the tImIng, duratIon, and magmtude of
the sprmg bloom on the mner contInental shelf, mdudmg the mlets, sounds, and
fjords?

Does stratIfIcatIon of the water column m the euphotIc zone of the ACC depend
prImarily on the rate at whIch fresh water spreads offshore as a consequence of
three-dImensIOnal crrculatIon and mlXmg processes assocIated WIth ocean
dynamICS? (SectIon 544)

Do phYSICal oceanographIc shelf processes m the ACC m the months leadmg
up to the spnng bloom precondItIon the magmtude and sequence of bIOlOgical
events durmg the sprmg bloom? (SectIon 544)

Does zooplankton recrmtment m the ACC depend on shelf phYSICal processes
durmg a "preconditIonmg penod" leadmg up to the onset of the spnng bloom?
(SectIon 5 4 4)

What are the sources of the nutrIents m the euphotIc zone on the mner shelf m
the sprmg? (SectIon 5 4 4)

How are exchanges of carbon and nutrIents, detrItus and plankton, at the shelf
break mfluenced 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 IS 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 varymg bottom
topography generate reSIdual flows that transport nutrIents and carbon across
water mass boundanes on the mner shelf?

Do dIUrnal-penod shelf waves along the KodIak shelf mfluence bIolOgical
productIon and the dISpersal of planktolUc organISms? (SectIon 5 4 5)
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The overall fertIhty of the GOA depends pnmanly
on nutrIent resupply from deep-water sources to
the surface layer were plants grow Rates of
carbon fIxation by phytoplankton m the euphotic
zone are hnuted seasonally and annually by

changmg hght levels and the kInds and supply rates of several dISsolved morgamc
chemIcal specIes Three elements-mtrogen, phosphorus, and silicon-are essential
to the photosynthetic process (parsons et al 1984) Other dIssolved morgamc
constituents such as Iron are also beheved to control rates of phOtOsynthesIS at
some locations and tlmes (Freeland et al 1997, Martin and Gordon 1988, Pahlow
and RIebse1l2000)

Orgamc matter synthesIZed by plants m the hghted surface layer IS consumed
there or smks down mto the deeper water column where some may eventually
reach the seabed The unconsumed pornon IS oXIdIZed to morgamc dISsolved
forms by bactena at all depths In the euphotic zone, morganlc nutrIents excreted
by zooplankton and by lllicronekton and macronekton (fISh), hberated by bactenal
OXIdation (a process referred to as remmeralIZatlon), or both excreted and hberated
are ImmedIately recycled by phytoplankton (Nekton IS sWImmffig marme hfe) In
contrast, hvmg cells, orgamc detrItus (remams of dead orgamsms), and fecal pellets
that escape the euphotic zone by smkIng are remmeralIZed below the hghted upper
layer, and the resulting morgamc forms are lost to surface plant stocks The result
of these combmed processes leads to vertical dIstrIbutions of dISSolved morgamc
mtrogen, phosphorus, and silicon m whIch the surface concentrations are much
lower than those found deeper m the water column Such IS the case for the GOA
(Reeburgh and KIpphut 1986) GeostrophIC (shaped by the earth's rotation) and
wmd-forced upwellmg and deep seasonal overturn proVIde local mechanISms that
brmg nutrIent ennched deep water back mto the surface layer each year
(Schumacher and Royer 1993) AddItionally, at depths shallower than about 100 m,
tidal mIXmg resulting from frIction across the bottom can mteract WIth the wmd
mIXed surface layer to proVIde an mteflllittent avenue for surface nutrIent
replenIShment dunng all seasons

Concentrations of the dIssolved morgamc forms of mtrogen (mtrate, mtrlte, and
ammoma), phosphorus (phosphate), and sIhcon (silicate) occur at some of the
hIghest levels measured anywhere m the deep waters of the GOA (Mantyla and
ReId 1983) A permanent pycnochne, resulting from the relatively low sallllity of
the upper 120 to 150 m, hnuts access to thIs valuable pool, however, deep wmter
mIXmg rarely reaches below about 110 m m waters over the deep ocean (DodImead
et al 1963, Favonte et al 1976) Although upwellmg occurs m the center of the
Alaska Gyre, It IS beheved to be only on the order of a meter (or consIderably less)
per day (SugImoto 1993, XIe and HsIeh 1995), a relatively modest rate compared to
some regIons of hIgh productivIty hke the Peru or Oregon coastal upwellmgs
Away from the Alaska Gyre upwellmg along the northern continental margm of
the GOA, the prevaI1mg wmds dnve a predommately downwellmg enVIronment
over the shelf for 7 to 8 months each year Although thIs condItion usually
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moderates durmg the summer, there IS httIe eVIdence that wmd-forced coastal
upweIlmg IS ever well developed Instead, dunng the penod of relaxed
downweIlmg or sporadIc and weak upweIlmg, a rebound of ISopycnal (densIty
boundanes, waters havmg the same densItIes) surfaces along the shelf edge permtts
the run-up of dense slope water onto and across the shelf ThIS subsurface water,
contammg elevated concentratIons of dISsolved nutnents, flows mto the deeper
coastal basIns and ~ords (Muench and Heggte 1978, Heggte and Burrell 1981)
Presumably the hmmg and duratIon of thIS coastal bottom renewal IS related to the
nature of the Pactftc HIgh pressure dommance m the GOA each summer

The coastal and Inshore waters m the northern GOA are also mfluenced by
runoff from a large number of streams, nvers, and glaaers m the rugged coastal
margm In these areas that are largely untouched by
agnculture, thIS mput probably contnbutes httIe to the
coastal nutrIent cycle, except possIbly as a source for sthcon
and tron (Burrell 1986) Therefore, the major pool of plant
nutnents for water column productIon m ocean, shelf, and
coastal regtons IS denved from marme sources and reSIdes
m the deep waters below the surface productIon zone

Because hght hmtts carbon fIXatIon dunng the wmter months, there IS a strong
seasonal SIgnal m nutnent concentratIons of the euphotIc zone m upper-layer shelf,
coastal, and InsIde waters Durmg the wmter, dISsolved morgamc plant nutrIents
bOOd thetr concentratIons m the deepenmg wmd-ffilXed layer as deeper, nutnent
nch water becomes mvolved m the seasonal overturn at a tIme when uptake by
phytoplankton IS mmtmal Under seasonal hght hmttatIon, surface nutrIent
concentratIons probably peak m early March, Just before the onset of the annual
plankton productIon cycle By ffild- to late-May and early June, euphotIc zone
nutnents are drawn down dramatIcally to seasonal lows as the stratlftcatIon that
mltIates the spnng "bloom" of plant plankton severely restncts the vertIcal flux of
new nutrIents (Goenng et al 1973) NItrate can become undetectable or nearly so
durmg the summer months m many shelf and coastal areas, and ammoma
(excreted by grazers) becomes tmportant m sustammg the much-reduced prtmary
prodUct1Vlty Later m fall, WIth the onset of the AleutIan Low pressure system and
the storms that It produces, a coolmg and deepenmg wmd-ffilxed layer can remJect
sufftclent new nutnents mto a shrmkmg euphotIc zone to IDlhate a fall plant bloom
m some years (Eshnger et al 2001)

The strong seasonal SIgnal of nutnents and plant stocks eVIdent on the
contInental shelf IS dtmIDlshed m surface waters seaward of the shelf break m the
GOA The regton beyond the contInental shelf break IS descnbed as "hIgh nutrIent,
low chlorophyll" It was beheved hIStoncally that grazmg by a collectIve of large
calanold copepods (SpecIes of zooplankton endeffilc to the subarct1c Pacrftc)
consumed enough plant bIomass each year to control the overall productIVIty
below levels needed to completely exhaust the surface mtrogen (Hemnch 1962,
Parsons and Lalli 1988)
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More recently, rron hnutatIon has been posed as a mechanISm controIlmg
prImary producbon m the GOA and m several other offshore regIOns of the world's
oceans (Mamn and Gordon 1988) Contemporary research m the GOA has
revealed that control of the amount of food produced by phytoplankton through
grazmg of zooplankters IS probably lIDpOrtant, although the specIes of zooplankton
mvolved are not the large calanOld copepods (Dagg and Walser 1987, Frost 1991,
Dagg 1993) ProductIon of phytoplankton IS thought to be controlled by an
assemblage of mIcrozooplankters, mIcroconsumers, represented by abundant
ciliate protozoans and small flagellates, rather than by large calanOld copepods
(Booth et al 1993) Because the growth rates of these grazers are hIgher than those
of the plants, It IS hypothesIZed that these mIcroconsumers are capable of effICIently
trackmg and lImItIng the overall oceamc productIvIty by eatIng the pnmary
producers, the phytoplankton (Banse 1982) The control mechanISm IS made
possIble because the plant commurutIes are donunated by very small cells, 10
mIcrometers or less, that can serve as food for the mIcroconsumers

A counter-hypothesIS asserts that the small SIZe of the plants IS actually m
response to low levels of rron It IS known that faced WIth nutrIent 1IIDItatIon,
phytoplankton communItIes generally shIft to small-Sized specIes whose surface
area-to-volume ratIos are hIgh ResolutIon of these related Ideas IS sought m
contInumg studIes of the oceanIC productIon cycle

SurprISmg recent observatIons demonstrate a trend m mcreasmg temperatures
m the upper layers that may be causmg a shIft m the seasonal nutrIent balance
offshore (Freeland et al 1997, Polovma et al 1995) For the frrst bIDe, there are
reports that mtrogen has been drawn down to undetectable levels along lIne P m
the southern GOA out to a dIStance of 600 km from the coast (Welch 2001) Lme P
IS a an oceanographIc transect run by the CanadIan government that IS the oldest
source of data from the southern GOA In addItIon, the eVIdence prOVIded by
Welch mdicates that the wmter nuxed layer IS shoalmg under long-term warnung
condItIons

An essentIal ISsue for the GEM program WIll be to understand how, at a varIety
of spatIal and temporal scales, the supply rates of morgamc mtrogen, phosphorus,
silicon, and other essentIal nutrIents for plant growth m the euphotIc zone are
mediated by clImate-drIven phYSIcal mechanISms m the GOA Inorgamc nutrIent
supplIes mIght be mfluenced by clImate changes m the followmg ways

( I
~/

•

•

•

•

•

UpweIlmg m the Alaska Gyre,

Deep wmter nuxmg,

Shelf and coastal upweIlmg and downwellmg,

VertIcal transport m frontal zones and eddIes, and

Deep and shallow cross-shelf transports
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In addlhon to these mechamsms, the ACC may playa role that has yet to be
determmed m the supply rates of dISsolved morgamc nutrIents to nearshore
habItats (Schumacher and Royer 1993) Fmally, the Import of marme-denved
mtrogen assocIated With the spawnmg Inlgrahons of salmon and other
anadromous fIshes has been descnbed as a novel means by whIch the oceamc GOA
enrIches the terrestrIal margm each year ThIs allochthonous mput (food from an
outsIde source) to the dramages bordenng the GOA IS clearly Important m many
freshwater nursery areas hOShng the early lIfe stages of PacIfIc salmon (Fmney
1998) and must vary WIth mterannual and longer-term changes m salmon
abundance

5.51 General Research Questions

How are the supphes of morgamc mtrogen, phosphorous, silicon, and other
nutnents essenbal for plant growth m the euphobc zone mfluenced by chmate-dnven
phYSICal mechamsms m the GOA?

What IS the role of the PacIfIc HIgh pressure system m detenmnmg the bmmg and
durabon of the movement of dense slope water onto and across the shelf to renew
nutrIents m the coastal bottom waters? (Secbon 5 5)

Is freshwater runoff a source of Iron and silicon that IS Important to marme
producbvIty m the ACC and other manne waters? (Secbon 5 5)

Does Iron hmItabon control the speCIes and SIZe dIStnbubon of the plankton
commumbes m the offshore areas?

Does zooplankton, espeCIally Inlcrozooplankton, control the amount of food
produced by phytoplankton m the offshore?

5 6 1 Plankton Investigations
In the Gulf of Alaska

5 6 Biological
Oceanography·
Plankton and
ProductiVity

Much of what IS presently understood about
the plankton commumbes and theIr produchvity
m the GOA has arISen from several programs
exammmg the open ocean and shelf

enVIronments These programs have mcluded the followmg

• US-Canada NORPAC surveys (LeBrasseur 1965),

• Subarcbc PacIfIc Ecosystem Research (SUPER) project of the Nabonal
ScIence Foundahon (NSF) (Miller 1993),

• The mulh-decadal plankton observahons from CanadIan Ocean Stahon P
(OSP) and Lme P (McAllISter 1969, Fulton 1983, Frost 1983, Parsons and
Lalh 1988),

• Annual summer Japanese vessel surveys by HokkaIdo UmversIty
(Kawamura 1988),
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• The Outer Contmental Shelf Energy Assessment Program (OCSEAP) by
Mmerals Management ServIce (MMS) and NatIonal Oceamc and
Atmosphenc AdmmIStratIon (NOAA) (Hood and ZlIDIDerman 1986), and

• The ShelIkof Strait FIShenes Oceanography CooperatIve InvestIgatIon
(FOCI) study by NOAA and NMFS (Kendall et al 1996)

AddItIonal and more recent programs mclude the North
PacIfIc GLOBEC of the NSF and those supported by the
EVOS Trustee Council The above-mentIoned programs
and a few other studIes prOVIde a reasonably coherent frrst
order pIcture of the structure and functIon of lower trophIc
levels m the northeastern subarctIc PacIfIc Ocean A senous
gap m the detailed understandIng of relatIonshIps between
the observed Inshore and offshore productIon cycles
remaInS, however-namely how these qUIte dIfferent

ecosystems are phased through tIme and mteract at theIr boundanes over the shelf
As a result, mformatIon IS lackIng about how the effects of future clImate change
may manIfest m food webs supportIng hIgher level consumers

5 6 2 Seasonal and Annual Plankton DynamiCS

The compOSItIon, dIStrIbutIon, abundance, and prodUCtIVIty of plant and
anlIDal plankton commumtIes m the GOA have been reVIewed by Sambrotto and
Lorenzen (1986), Cooney (1986), Miller (1993), and Mackas and Frost (1993) In
general, dramatIc dIfferences are observed between pelagiC communItIes over the
deep ocean, and those found m shelf, coastal, and protected InsIde waters (sounds,
fjords, and estuanes) SpeafIcally, the euphotIc zone seaward of the shelf edge IS
dommated year round by very small phytoplankters-tmy dIatoms, naked
flagellates, and cyanobactena (Booth 1988) Most are smaller than 10 IDlcrons m
SIZe, and theIr combmed standmg stocks (measured as chlorophyll concentratIon)
occur at very low and seasonally stable levels It was ongmally hypotheSIZed that a
small group of large oceamc copepods (Neocalanus spp and Eucalanus bungll)
lIIDIted plant numbers and open ocean productIon by effiCIently controllmg the
plant stocks through grazmg (Hemrich 1962) More recent eVIdence, however,
mdicates the predommant grazers on the oceamc flora are not the large calanOlds
(Dagg 1993), but Instead abundant populatIons of cmate protozoans and
heterotrophIc IDlcroflagellates (MIller et al 1991a, 1991b, Frost 1993) It has been
further suggested that m these hIgh nutrIent, low chlorophyll oceamc waters, very
low levels of dISsolved morgamc Iron (commg mamly from atmosphenc sources)
are ultImately responsIble for structurmg the compOSItIon of the prlIDary producers
and consumers (Martm and Gordon 1988, MartIn 1991) Close reproductIve and
trophIc couplmg between the nanophytoplankton and IDlcroconsumers appears to
restrIct levels of prlIDary prodUCtIVIty below that needed to exhaust all of the
seasonally available rutrogen each year (Banse 1982) Moreover, the excreta of the
IDlcroconsumers IS dIffuse, WIth low smkmg rates, and IS easily OXIdIZed by

76 PARTII,CHAP"rERS



o

o

\

GULF ECOSYSTEM MONITORING AND REsEARQi PLAN

bactena AmmOnIa (denved from grazer-released urea) IS a preferred plant
nutnent, and the fIrst oXIdatIon product recycled m thIs way Wheeler and
KokkmakIS (1990) demonstrated that as long as ammOnIa IS avaIlable for the plants,
mtrate uptake m the euphotIc zone IS much reduced Together, these fIndmgs are
pamtIng a consIderably revISed pIcture of lower trophic level relatIonshIps and
nutnent balances at the base of the offshore pelagiC ecosystem m the GOA

In contrast, shelf, coastal/ and mSIde waters host a more tradItIonal plankton
commumty m which large and small diatoms and dmoflagellates support a
copepod-dommated grazmg assemblage (Sambrotto and Lorenzen 1986/ Cooney
1986) Here, the annual productIon cycle IS charactenzed by well-defIned sprmg
(and sometImes fall) blooms of large dIatom speCIes (most larger than 50 mIcrons)
whose prodUCtIVItIes are hmIted annually by the rapId utIhzatIon of dISsolved
morgamc mtrogen, phosphorus, and silicon m the euphotIc zone (Eshnger et al
2001/ Ward 1997) These blooms typIcally begm m late March and early AprIl m
response to a seasonal stabilizatIon of the wmter-conditIoned deep mIXed layer
HIgh rates of photOSynthesIS typIcally last only 4 to 6 weeks (Goenng et al 1973)
Strong penods of wmd, tIdal mIXmg, or both durmg the bloom can prolong these
events by mterruptIng the conditIons of hght and stability needed to support plant
growth When the phytoplankton bloom IS prolonged m thIS way, Its mtensity IS
lessened, but consIderably more orgamc matter IS apparently dIrected mto pelagiC
food webs, rather than smkmg to feed seabed consumers (Eshnger et al 2001)
Accelerated seasonal warmmg and freshenmg of the upper layers m May and June
prOVide mcreasmg stratIfIcatIon that eventually restrIcts the vertIcal flux of new
nutnents and hmIts summer pnmary prodUCtIVIty to very low levels In some
years, a fall bloom of diatoms occurs m September and October m response to a
deepenmg wmd-mIXed layer and enhanced nutrIent levels The ecolOgical
sIgmfIcance of the fall portIon of the pelagiC productIon cycle remaIns largely
undescnbed

In both the ocean and shelf domaIns, strong seasonal SIgnals occur m standmg
stocks and estImates of daIly and annual rates of productIon for the phytoplankton
and zooplankton Some of the earhest measurements of photosynthesIS at OSP
placed the annual pnmary productIon m the southern part of the Alaska Gyre at
about 50 grams of carbon per square meter per year (g C m 2y 1) (McAlhster 1969)/
or somewhat lower than the overall world ocean average of 70 g C m 2y 1 More
recent studies usmg other techmques, however, have suggested hIgher annual
rates, somewhere between 100 to 170 g C m 2y 1 (Welschmeyer et al 1993) UnlIke
the productIon cycle over the shelf, the oceamc pnmary productIvIty does not
produce an IdentIfIable spnng/summer plant bloom Instead, the oceamc
phytoplankton stock remams at low levels (about 03 mIlhgrams [mg] of
chlorophyll a m 3) year-round for reasons dISCUSSed above In stark contrast,
oceamc stocks of zooplankton (upper 150 m) do exhIbIt marked seasonahty Late
wmter values of 5 to 20 mg m 3 (wet weIght) rISe to 100 to 500 mg m 3 m mId
summer/ when upper-layer populatIons of large calanOlds dommate the standmg
stock Assummg the zooplankton productIon IS roughly 15% of the oceamc

PART II, CHAPTER 5 77



r-
/

I

GULF ECOSYSTEM MONITORING AND REsEAROi PLAN

prunary productIvIty (parsons 1986), annual estImates of zooplankton carbon
productIon estImated from pnmary productIVIty range between 8 and 26 gem 2

GIven that the carbon content of an average zooplankter IS approxnnately 45% of
the dry weIght, and that dry weIght IS about 15 % of the wet weIght (Omon 1969),
the carbon productIon can be converted to estImates of bIOmass Results from thIs
calculatIon suggest that between 119 and 385 g of bIomass m 2 may be produced
each year m the upper layers of the oceamc regtme from sources thought to be
largely zooplankton

The shelf, coastal, and InsIde waters present a mosaIC of many chfferent pelagIc
habItats The open shelf (depths less than 200 m) IS narrow m the east between
Yakutat and Kayak Island (20 to 25 km m some places), but broadens m the north
and west beyond the Copper RIver (about 100 to 200 km) The shelf IS punctuated
by submarme canyons and deep straIts, but also rISes to extensIve shallow shoals at
some locatIons The rugged northern coastal margm IS characterIZed by numerous
ISlands, coastal and protected fjords, and estuarIes Only PWS IS deeper than
400m

Although the measurements are sparse, the open shelf and coastal areas of the
northern GOA are belIeved to be qUIte productIve, partIcularly the regIon between
PWS and Shehkof StraIt (Sambrotto and Lorenzen 1986) Coastal transport and
turbulence along the KenaI Penmsula, m lower Cook Inlet, and around KodIak and
Afognak ISlands appears to enhance nutrIent supplIes durmg the spnng and
summer Annual rates of pnmary productIon approachmg 200 to 300 g C m 2 y 1

have been descnbed In other coastal fjords, sounds, and bays, the estImates of
annual prunary productIon range from 140 to more than 200 g C m 2 y 1 (Goenng
et al 1973, Sambrotto and Lorenzen 1986) Assummg agam that the annual
zooplankton productIon IS roughly 15% of the pnmary productIVIty, yearly
zooplankton growth m shelf and coastal areas probably ranges between about 21
and 45 g C m 2 y 1, or 311 to 667 g m 2 y 1 wet weIght In PWS, the wet-weIght
bIomass of zooplankton caught m nets (net-zooplankton) m the upper 50 m varIes
from a low m February of about 10 mg m 3 to a hIgh of more than 600 mg m 3 m
June and July (Cooney et al 2001a) For selected other coastal areas outsIde PWS,
the seasonal range of zooplankton bIomass mcludes wmter lows of about 40 mg m 3

to sprmg/summer hIghs approachmg 5,000 mg m 3 (m outer Kachemak Bay, for
whIch a converSIon of settled volumes may have been contammated by large
phytoplankton m the samples, see (Cooney 1986)

In addItIon to strong seasonalIty m standmg stocks and rates of productIon,
plankton commumtIes also exhIbIt predIctable seasonal speCIes succeSSIon each
year m the oceamc and shelf enVIronments Over the shelf, the large dIatom
dommated spnng bloom gIves way to dmoflagellates and other smaller forms as
nutrIent supplIes dImmlSh m late May and early June Ward (1997) descnbed the
phytoplankton speCIes succeSSIOn m PWS She found that early season dommance
m the phytoplankton bloom was shared by the large cham-formmg dIatoms
Skeletonema, ThalasslOSlra, and Ozaetoceros Later m June, under post-bloom nutrIent
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restnctIon, dIatoms were dommated by smaller RIllzosolema and tIny flagellates
ThIs seasonal sluft m dommance from larger to smaller plant specIes m response to
declmmg nutrIent concentratIons and supply rates IS commonly observed mother
lugh-latItude systems and IS beheved to be responsIble for dnvmg the succeSSIOn m
the grazmg commumty Because of the Iron hmItatIon m the oceamc regtme, the
pnmary producer commumty IS more stable there, WIth tIny dIatoms,
ffilcroflagellates, and cyanobactena dommatIng year-round

The zooplankton succesSIOn IS somewhat more complex and mvolves
mterchanges between the ocean and shelf ecosystems In the late wmter and
spnng, the early copepodIte stages of Neocalanus spp begm arnvmg m the upper
layers from deepwater spawnmg populatIons (Miller 1988, Miller and NIelsen 1988,
Miller and Clemons 1988) ThIs arnval occurs m some coastal areas (at depths of
more than 400m) m late February and early March, but IS delayed about 30 days m
the open ocean Both Neocalanus spp and Eucalanus bungzl are mterzonal seasonal
ffilgrators, hvmg a portIon of theIr lIfe cycle m the upper layers as developmg
copepodItes, and later restIng m dlapause m the deep water preparmg for
reproductIon at depth Wlule maturmg m the oceamc surface water, Neocalanus
plumchrus and N flemmgen mhabIt the wmd-ffilXed layer above the seasonal
thermoclme (upper 25 to 30 m), while N cnstatus (the largest of the subarctIc
copepods) and Eucalanus bungzl are found below the seasonal stratIfIcatIon (Mackas
et al 1993) ThIs unusual partItIonmg of the surface ocean enVIronment by these
specIes has not yet been venfIed for shelf and coastal waters, although It has been
suggested that the partItIonmg may occur m the deep-water fJords and sounds
(Cooney unpubhshed)

Along WIth the early copepodItes of the mterzonal ffilgrators, the late wmter
and sprmg shelf zooplankton commumty also hosts small numbers of
Pseudocalanus spp , Metndla paetftca, M oklwtensls, and adult Calanus marslutllae
Because these copepods must frrst feed before reproducmg, theIr seasonal numbers
and bIomass are set by the tImmg, mtensIty and duratIon of the dIatom bloom By
May and early June, the abundances of small copepods lIke Pseudocalanus and
Acarha are mcreasmg, but the communIty bIomass IS often dommated by relatIvely
small numbers of very large developmental stages (C4 and CS) of Neocalanus
(Cooney et al 2001a) After Neocalanus leaves the surface waters m late May and
early June for dIapause deep below the surface (at locatIons where depths perIDIt),
Pseudocalanus, Acarha, and Centropages (small copepods), the pteropod Llmlcma
paClftca, and larvaceans (Olaopleura and Fnhllana) occur m mcreasmg abundance
Later, from summer to fall and extendmg mto early wmter, CarnIvorous
Jellyplankters represented by ctenophores, small hydromedusae, and chaetognaths
(Sagztta elegans) become common These sluftmg seasonal dommants are Jomed by
several dIfferent euphausllds (EuphauSla and Thysanoessa) and amplupods
(CypllOcans and Parathemlsto) throughout the year DespIte the fact that the
subarctIc net-zooplankton commumty COnsISts of a large number of dIfferent types
of anunal (taxa), most of the bIOmasS and much of the abundance m the upper 100
m IS accounted for by fewer than two dozen speCIes (Cooney 1986)
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5 6 3 Interannual and Decadal-Scale Variation In Plankton Stocks

Few measurements and estImates are avaIlable for year-to-year and decadal
scale varIability m pnmary and secondary productIVIty m all marme enVIronments
m the northern GOA (Sambrotto and Lorenzen 1986) Fortunately, some
mformatIon IS avaIlable about vanable levels of zooplankton stocks Frost (1993)
descnbed mterannual changes m net-zooplankton sampled from 1956 to 1980 at
CanadIan OSP Year-to-year vanatIons m stocks of about a factor of fIve were
characterIStIc of that data set, and a shght posItIve correlatIon WIth salmIty was
observed Cooney et al (2001b) exammed an 18-year tIme senes of zooplankton

settled volumes from eastern PWS collected near salmon
hatchenes by the personnel of the Pnnce WI11Iam Sound
Aquaculture CorporatIon, Cordova Once agam, annual
spnngtIme dIfferences of about a factor of fIve were
apparent m that data In addItIon, from 1981 to 1991, settled
zooplankton volumes m PWS were also strongly and
posItIvely correlated WIth the strength of the Bakun

upwellmg mdex calculated for a locatIon near Hmchmbrook Entrance TIus
correlatIon completely dISappeared after 1991, however (Eshnger et al 2001) Also
of some mterest, the years of hIghest settled volumes m eastern PWS (1985 and
1989) were only moderate years for zooplankton reported by Incze et al (1997) for
Shehkof StraIt, suggestIng the KodIak shelf and PWS regIons were phased
dIfferently for at least those years SUgImoto and Tadokoro (1997) report a regIme
shIft m the subarctIc PacIfIc and Bermg Sea m the early 1990s that generally
resulted m lower zooplankton stocks m both regIons Perhaps m response to thIS
phenomenon, sprmgtIme settled zooplankton volumes m PWS also dechned by
about 50% after 1991 (Cooney et al 2001b)

The most provocatIve pIcture of decadal-scale change m zooplankton
abundance m the GOA IS proVIded by Brodeur and Ware (1992) WIth the use of
spatIally dIStnbuted oceamc data sets reportIng zooplankton bIOmass from 1956 to
1962, and agam from 1980 to 1989, these authors were apparently able to capture
large-scale propertIes of the pelagIC productIon cycle durmg both pOSItIve and
negatIve aspects of the PDO (Mantua et al 1997) A doubhng of net-zooplankton
bIOmass was observed under condItIons of mcreased wmter wmds respondmg to
an mtensIfIed AleutIan Low pressure system (the decade of the 1980s) TIus
sustamed doubhng of bIOmass was also reflected at hIgher trophIc levels m the
offshore food web (Brodeur and Ware 1995) It IS generally beheved the observed
productIon stImulatIon durmg the decade of the 1980s was created by mcreased
nutnent levels assocIated WIth greater upwellmg m the Alaska Gyre The observed
honzontal pattern of upper layer zooplankton stocks (FIgure 17) was an ImpreSSIVe
areal expansIon (pOSItIve PDO) or contractIon (negatIve PDO) Under penods of
mtensIfIed wmter wmds, some of the hIghest oceanIC zooplankton concentratIons
were developed m a band along the shelf edge m the northern regIons m the GOA
Unfortunately, data from the shelf Itself durmg thIS same tIme penod are not
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Figure 17. Biomass of plankton for the spring and summer period contrasted for a
negative PDO period (top) and a positive PDO period (bottom). The shaded boxes

present zooplankton biomass as follows: A represents 100 to 200 g/1 ,000 m3
; B

represents 201 to 300 g/m3
, and C represents more than 300 g/m3
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suffICIent to ascertam how tlus elevated bIOmass may have mtruded the contmental
margm or reached the coastal areas

5 6 4 Factors Effectmg Trophic Exchanges
Between the Plankton and Larger Consumers

Most would concede that the general theory of trophodynamICS artIculated by
Lmdeman (1942) nearly 50 years ago to represent ways m whIch matter and energy
are transferred through aquatIc commumtIes (by dIfferent levels of producers and
consumers) IS an overly SlffiplIStIc pIcture of complex mteractIons and non-lmear
relatIonshIps Useful m the lecture hall as a teachIng tool, and successfully applIed
to certaIn problems where frrst-order estImates of productIon at hypothetIcal levels
are sought based on estImates of plankton productIVity, these formulatIons usually
lack any dynamIC connectIon WIth the phYSIcal envIronment or nutrIent levels
They also generally faIl to delmeate seasonalIty or other rrnportant temporal
varIability Nonetheless, because of the ease of theIr applIcatIon and the acceptance
of certaIn srrnplIfymg assumptIons (generalIzed ecolOgical transfer effIClencies and
lumpmg taxa Wlthm trophIc levels), the lmear food-web or carbon budget approach
contmues to be used for selected purposes

Bottom-up trophIc models of food-web structure supportmg the productIon of
fIshes, bIrds, and mammals m open ocean, slope, estuarme, and fjord enVIronments
m the GOA were formulated by Parsons (1986) m a synthesIS of InformatIon
compiled prrrnarIly as the result of the MM5-funded oes studies More recently
Okey and Pauly (1998) developed a mass balance formulatIon WIth the Ecopath
model of trophIc mass balance for a PWS food web as the result of the EVOS
RestoratIon Program These models are certamly InstructIve at some level of
generalIty, but theIr usefulness for descnbmg specIfIc clImate-related mechanISms
that mIght modIfy food-web transfers IS probably lImIted by theIr detachment from
the phySIcal enVIronment and theIr relIance on annually or seasonally averaged
stock SIZeS and productIVItIes

Instead, It may be more InstructIve to eXamIne how evolved behaVioral traits
and other aspects of the lIfe hIStones of the dommant plankters (and other forage
taxa) lend themselves to food-web transfers that could be affected by clImate
change To do tlus, It will be rrnportant to study how the bIOlogy at lower trophIc
levels mteracts (on a vanety of tIme and space scales) WIth the phYSIcal
envIronment to create enhanced (or dimInIShed) trophIc opportumtIes m the
consumer matrIx of dIfferent habItats and seasonal characterIZatIons that pervade
the marme ecosystem m the northern GOA The compressed nature of the annual
plankton productIon cycle m oceamc, shelf, and coastal waters seemmgly places a
premIum on "tImmg" as a strategy to maxmuze the chances for successfully lmkmg
consumers to each year's burst of orgamc matter synthesIS Paul and SmIth (1993)
found that yellowfm sole replenIShed theIr seasonally depleted energy reserves
each year m a short penod of about 1 month followmg the peak m prrrnary
prodUCtIVity ThIS rapId replenIShment of energy reserves IS presumably pOSSIble
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because of the structural propertIes of forage populatIons that occur abundantly
dunng the short and mtense producbon cycle Patch-dependent feedmg IS a term
used to descnbe how many consumers respond to the gramy brne and space
dIStnbutIons of food m theIr feedmg enVIronments (Vahela 1995) In the case of
plankters, whIch by defuutIon move WIth the water, temporal and spatIal
patchmess can be created or dISSIpated through mteractIons WIth (1) phYSICal
processes such as vertIcal and honzontal transport and dIffuSIon, and (2) bIOlOgical
attrIbutes such as rapId growth and swarmmg or layermg m assoCIatIon With
feedmg, reproductIve behaVIOrs, or both

For example, the more than 2 month maturatIon process for the large oceamc
copepods (Neocalanus spp ) growmg m the near-surface of the open ocean, shelf,
and some coastal enVIronments concludes WIth a short penod (15 to 30 days) m
whIch the bIOmass peaks each year, IS concentrated m the largest (C4 and C5)
copepodites, and IS compressed mto relatIvely thm layers and swanns contIguous
for tens, possIbly hundreds of km (Mackas et al 1993, Cooney 1989, Coyle 1997,
KIrsch et al 2000) In Its most concentrated form, thIs seasonally ephemeral
bIOmass IS an Important source of food for dIvmg sea bIrds (Coyle 1997), whales,
and planktIvorous fIShes such as adult Alaska pollock and PacIfIc hemng (Willette
et al 1999) AcoustIc observatIons suggest the degree of plankton swarmmg or
layenng depends, m part, on the strength of water column rnIXmg and stability
Numencal models of the productIon cycle m PWS demonstrated that mterannual
varIatIons m the brnmg of the annual peak m zooplankton probably reflects
dIfferences m the brnmg of the earher phytoplankton bloom each year Eshnger et
al (2001) reported that the sprmg dIatom bloom varIed by as much as 3 weeks from
year to year m PWS, but that the annual peak m zooplankton always lagged the
plants by about 25 to 30 days Year-to-year shIfts of a week or more m the peak of
zooplankton bIOmass may profoundly mfluence the effectIveness of food-web
transfers to fIShes, bIrds, and other consumers WIth severe consequences PacIfIc
hernng have apparently evolved a reproductIve strategy to place age-O Juvemles m
the water column precISely at the brne of the 1llld-summer peak m plankton forage
Failure to successfully prOVISIOn themselves by IDlSsmg the most opbrnal summer
feedmg condItIons may contnbute to hIgh rates of wmter starvatIon for age-O
herrmg m PWS (Cooney et al 2001b)

In another example, Cooney (1983) reported a possIble mteractIon between the
movements occurrmg over the lIfe cycle of large oceanIC calanOld zooplankton,
ontogentIc 1lllgratIons and an enrIchment of feedmg habItats for fIShes, bIrds, and
mallllllals over the shelf forced by localIZed convergences m the late wmter and
spnng months As prevIously mentIoned, Neocalanus spp arnve m the surface
waters of the deep ocean m March and AprIl each year Early copepodIte stages are
presumably carned across the shelf m the wmd-forced Ekman flow (upper 60 to 90
m) where they eventually encounter zones of surface convergence (Cooney 1986)
Neocalanus spp m the shelf enVIronment depends on the spnng dIatom bloom for
growth and maturatIon Because the developmg copepodItes have an affmIty for
the upper layers where the phytoplankton productIon occurs (Mackas et al 1993),
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they may be able to counteract regIOns of downwelling and convergence by
contInumg to nugrate upward m these zones (a few tens of m per day at most)
Where they successfully detach themselves from the downwelling water,
populatIons advected shoreward mto convergences (possIbly m the frontal regIon
of the ACC) will accumulate These zones of hIgh copepod (and perhaps other
taxa) bIOmass should represent regIOns of potentIally hIgh trophIc effIaency for
planktIvores built and marntamed for a few weeks by wmd-forced hOrIzontal and
vertIcal transport

In a related exerCISe, Cooney (1988) calculated that nearly 10 millIon metrIc tons
of zooplankton could be mtroduced to the shelf annually over 1,000 km of coastlme
m the northern GOA by the wmd-forced shoreward Ekman transport each year If
only a portIon of thIs bIomass IS retamed m shelf and coastal food webs, the "lateral
mput" of ocean-denved zooplankton (much of It represented by the large
mterzonal calanOlds) may partIally explarn how the seasonally persIStent
downwelling shelf SustaIns the observed hIgh annual productIon at hIgher trophIc
levels KIme (1999a), m studIes of carbon and mtrogen ISotopes of zooplankton
sampled m PWS, found that 50% or more of the dIapausmg Neocalanus cnstatus
overwmtermg m the deep water ongmated from populatIons outsIde PWS each
year SlIDllar ISOtOPIC SIgnals m herrmg and other coastal fIShes seem to confrrm a
partIal role for the bordermg ocean m "feedmg" at least some coastal habItats

Coyle (1997) descnbed the dynanucs of Neocalanus cnstatus m frontal areas
along the northern and southern approaches to the AleutIan Islands In regIons
near water column InstabilItIes that fostered nutrIent exchange for nearby stratIfIed
phytoplankton populatIons, these large oceanIC copepods occurred along
pycnoclmes m subsurface swarms and layers that were m turn attractIve feedmg
SItes for dIvmg least auklets These trophIc aSSOCIatIons (observed acoustIcally)
formed and dISSIpated m response to weather and tIdal modIfIed forcmg of the
waters over the shelf north and south of the AleutIan Islands

KIrsch et al (2000) descnbed dense layers (10 to 20 m m vertIcal extent) of C4
and C5 Neocalanus plumchrus, N Jlemmgen, and Calanus marshalle m the upper 50 m
of PWS that serve as seasonally Important feedmg zones for adult Alaska pollock
and PacIfIc hernng Swarmmg behaVIOr m the upper layers by these copepods,
respondmg to the dIStrIbutIon of theIr food m the euphotIc zone, compresses
Neocalanus mto layers stretchmg for tens of km that are readIly located and utIlIzed
by planktIvores Other observatIons at the tIme found the layers of copepods were
absent or only weakly developed m areas WIth hIgh ffilXmg energy lIke outer
Montague StraIt

Dlel nugratIons of many taxa bnng deep populatIons mto the surface waters
each mght The large bodIed copepod Metndla spp and many PaCIfIC euphausllds
(Euplzausla and T11ysanoessa) represent zooplankters that undergo substantIal daily
nugratIons from deep to shallow waters at mght A varIety of reasons have been
proposed for thIs behaVIOr (Longhurst 1976) Regardless of the "why," vertIcally
nugrahng populatIons that build local concentratIons near the sea surface durmg
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darkness represent another way that behavIoral traIts are responsIble for creatmg
patchmess that may enhance trophIc exchange Cooney (1989) and Stockmar (1994)
studied dIel and spatIal changes m the bIOmass of net-zooplankton and
lllicronekton m the upper 10 m of the open ocean and shelf habItats m the northern
GOA They found a consIStent enrIchment of bIomass m the surface waters at mght
caused by Metndza paafica and several dIfferent euphausllds that often exceeded
dayhght levels by a factor of fIve or SIX

Sprmger, et al (1996) make a strong case for the enhancement of pnmary and
secondary produchVlty along the shelf edge of the southeastern Bermg Sea CItmg
tIdallllixmg, transverse cIrculatIon, and eddIes as mecharustns to mcrease nutrIent
supphes, thIS so-called"greenbelt" IS descnbed as 60% more productIve than the
outer-shelf enVIronment and 270% more productIve than the bordermg deep ocean
Earher, Cooney and Coyle (1982) documented the presence of a hIgh-densIty band
of upper-layer zooplankton along the shelf edge of the eastern Bermg Sea
ComprISed pnmanly of Metndla spp , Neocalanus spp , and Eucalanus bungt, thIS
narrow zone of elevated bIomass IS apparently also a part of the greenbelt
Although these features have yet to be descnbed for the northern GOA, the present
North Pactftc GLOBEC study (Wemgartner 2000) IS momtormg pnmary
prodUCtIVIty and zooplankton stocks along cross-shelf transects that should
mtercept a shelf-edge greenbelt If one IS present m the northern GOA

/~ Fmally, meso and large-scale eddy formatIon over the shelf and slope regtmes
V may also mfluence the patchmess of plankton m ways that could be susceptIble to

changmg chmate forcmg A permanent feature (eddy) m the coastal water west of
Kayak Island IS often VISIble because of entramed sedlffient from the Copper River
Formed by a branch of the ACC, thIS eddy may help concentrate plankton
populatIons of the upper layer m ways that could later mfluence PWS (Reed and
Schumacher 1986) Vaughan et al (2001) and Wang (2001) descnbe surface eddIes
m the central regIOn of PWS WIth lffiphcatIons for the transport and retentIon of
Icthyoplankton These eddies (cyclomc and antIcyclomc) are beheved to form m
response to seasonal changes m freshwater outflow and wmd forcmg Large-scale
coastal and shelf eddies apparently form near SItka and propagate north and west
around the penphety of the GOA (Musgrave et al 1992) Slmllar features on the
east coast of the Umted States have been shown to be long-hved (many months)
and capable of sustammg umque bIOlOgical assemblages as they move through
hme and space These same characterIStIcs are also expected for the northern GOA

5 6 5 Climate Forcing of Plankton Production In the Gulf of Alaska

A major challenge for the GEM program will be to eventually produce a
detalled understandmg of lower trophIc level processes that arISe through
bIOlogICal mteractIons WIth the spatIally dIStrIbuted geolOgical and phYSICal
propemes of the northern GOA ThIS evolvmg understandmg must take mto
account the flow-through nature of the northern and eastern regions-downstream
from southern Southeast Alaska and Northern Canada (through the ACC) and also
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downstream from porhons of the southern oceanIC Subarchc and Transihon Zone
domaIns (through the North PacIfIc and Alaska currents) The "open" condIhon
places mcreasmg Importance on understandmg levels of plankton Imports (from
the south) and exports (to the west) m the penphery of the GOA affected by the
ACC (Napp et al 1996) and shelf-break flows (Alaska Current and Alaska Stream)
It w111 also be necessary to understand the effects that the open ocean gyre may
exert on shelf and coastal plankton stocks and theIr seasonal and annual
produchon Withm the northern GOA Here too the Import (or export) of nutnents,
organIC detrItus, and hvmg plankton stocks to (or from) the shelf must be evaluated
under dIfferent condihons of clImate and weather

The pIcture that emerges from the aggregate of preVIOUS and ongomg plankton
studIes portrays a large ocearuc ecosystem forced strongly by phYSICal processes
that are meteorologIcally dnven PhYSICal processes such as deep and shallow
currents, large-scale and localIzed upwellrng and downwellrng, seasonally phased
preClpitahon, and runoff may brmg about changes m the ecosystem The
reproduchon, growth and death processes of the plants and anImals of the oceanIC
ecosystem appear to be respondmg pnmarl1y to marked seasonalIty and
mterannual and longer-penod shIfts m the mtensity and locahon of the wmter
Aleuhan Low pressure system Increased upwellrng m the offshore Alaska Gyre
may promote hIgher rates of nutrIent renewal m the ocearuc surface waters WIth

attendant mcreases m prImary and secondary produchvity Elevated wmd-forcmg
probably accelerates the transport of upper-layer ocearuc zooplankton shoreward
to the shelf edge and beyond The frequency and degree to whIch thIs ocean
denved bIOmass"feeds" the food webs of the conhnental shelf and coastal areas
will depend, m part, on bIOlogICal mterachons WIth a large array of phySIcal
processes and phenomena Processes and phenomena achve m regIOns of
honzontal and vemcal currents assOCIated WIth oceanographIc fronts, eddIes,
coastal Jets, shelf-break flows, and turbulence are expected to have a strong
mfluence on the movement of ocean bIomass onto the shelf and coastal areas The
actual effect of such processes and phenomena on dIStrIbuhon of ocearuc bIOmass

also depends on responses of plankton produchon to changes m levels of
freshwater runoff m these regIOns, and on the seasonal and longer cycles m
temperature and sahruty SpecIfIc mecharusms by whIch surface zone nutrIent
levels are cycled and mamtamed m the vanety of dIfferent habItats that compose
the open shelf and rugged coastal margIns must be understood m much greater
detaIl to be useful to the overall GEM mISSIon

It seems hkely that the sophIShcated understandmg sought by the GEM
program of clImate mfluences on the coupled nutrIent and plankton produchon
regImes that support selected consumer stocks may have to come from studIes that
abandon the prachce of lumpmg taxa Withm broad ecolOgically funchonal uruts,
and mstead focus on "key specIes" Fortunately, the subarchc pelagiC ecosystem
(ocearuc, shelf, and coastal) IS dommated by a relahvely small number of plankton
speCIes that serve as major condUIts for matter and energy exchange to hIgher-level
consumers each year In the case of the zooplankton, fewer than 50 speCIes Withm a
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handful of major taxa compnse 95% or more of the abundance and bIOmass
throughout the year Because of tlus pattern of donunance, and further because of
the dIfferent hfe lustory strategies employed by these SpecIes, a more
comprehensIve understandIng of theIr ecological roles IS both necessary and
feasIble A deCISIon to conduct donunant specIes ecology must be understood at all
levels of the study so that, for Instance, technICIans conductmg future stomach
analyses of fIshes, bIrds, or mammals will report not JUst "large copepods and
amphIpods," but rather Neocalanus cnstatus and Parathemlsto llbellula ThIs nuance
holds partIcular Importance for future modelers workIng on numencal
formulatIOns that mclude "plankton" WIthout tlus degree of SpecIfICIty, It IS

unhkely that further (fIeld and numencal) studies will forge the understandIng of
lower trophIc level funchon sought by the GEM program m the northern GOA

566 General Research Questions

What are the relahonshIps between the Inshore (watersheds, mterhdal-subhdal,
and ACC) and offshore produchon cycles, how are the Inshore and offshore phased
through hille, and how do they mteract at theIr boundanes over the shelf?

• How are the relahonshIps between offshore and Inshore produchon
marufested m food webs suppomng bIrds, fISh and mammals?

• How are the effects of future clImate change marufested m Inshore and
offshore food webs supporhng bIrds, fIsh and mammals?

What are the changes m abundance of the mdividual specIes of large copepods,
amphIpods and euphausnds that make up the bulk of the secondary produchon m
the Inshore and offshore GOA?
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(this page intentionally left blank. It resulted from splitting the Word files for
chapter 5 into two portions and the need to end the first half on an even page!)
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Because the GOA covers a vast and dIverse area,
Its benthic commumtIes exhIbIt tremendous
vanatIon (Feder and Jewett 1986) As many
marme benthic system, however, the composItIon,

functIonmg, and dynamIcs of the GOA benthic commumtIes change predictably
With certam umversally Important variables The most Important two
envIronmental vanables are water depth and substratum type (Rafaelh and
HawkIns 1996) The followmg depth zones are typICally distInguIShed

• The mtertIdal zone,

• The shallow subtIdal zone (bounded by depth of hght penetratIon suffiCIent
for photosytheslS of benthic algae),

• The contInental shelf (to about 200 m), and

• The contInental slope (from 200 to 4,000 m)

The most fundamental substratum distInctIons are hard bottom (rocks, boulders,
cobbles) and soft bottom (mobile sedImentary habItats hke sands and muds)
Wlthm these two types, geomorphology vanes substantIally, With bIOlOgical
lffiphcatIons that often mduce further habItat partItIonmg (page et al 1995,
Sundberg et al 1996)

Understandmg of commumty compOSItIon and seasonal dynamICS of GOA
benthos has grown dramatIcally over the past 30 years, WIth two distInct pulses of
research FIrst, m contemplatIon of exploratIon and development of the oil and gas
resources of the region, the MMS, NOAA NMFS, and Alyeska ConsortIum funded
geographIcally focused benthIC survey and momtormg work m the 1970s ThIS
work prOVided the frrst wmdows mto the quantItatIve benthic ecology of the
region Focus was most mtense on lower Cook Inlet, the AleutIan Islands, the
Alaska Pemnsula, Kodiak Island, and northeast GOA, mcludmg the Valdez Arm m
PWS (Rosenberg 1972, Hood and ZImmerman 1986) The second phase of growth
m knowledge of the benthos of the GOA region was trIggered by the EVOS m 1989
ThIS work had broad geographIc coverage of the rocky mtertIdal zone The area
recelvmg the most mtense study was PWS, where the spill ongmated GeographIc
coverage also mcluded two other regions, the Kenai Pemnsula-Iower Cook Inlet
and the Kodiak archIpelago-Alaska Pemnsula (page et al 1995, GIlfillan et al
1995a, GIlfillan et al 1996b, HIghsmIth et al 1994b, HIghsmIth et al 1996,
Houghton et al 1996a, Houghton et al 1996b, Sundberg et al 1996) Some of thIs
benthic study followmg the oil spill was conducted m other habItats (soft substrata
[DrISkell et al 1996]) and at other depths (shallow and deep subtIdal habItats
(Houghton et al 1993, Armstrong et al 1995, Dean et al 1996a, Dean et al 1996b,
Dean et al 1998, Dean et al 2000, Feder and Blanchard 1998, Jewett et al 1999)
Hemng Bay on Kroght Island m PWS was a SIte of espeaally mtense momtonng
and experImentatIon on rocky mtertIdal commumtIes followmg the oil spill (van
Tamelen et al 1997)
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5.7.1 Intertidal CommUnities

The mtertIdal habItat IS the portIon of the shorehne m between the hIgh and
low (0 O-m datum) hde marks ThIS mterhdal zone OCCUpIes the umque tnple
mterface among the land, sea, and aIr The land proVIdes substrate for occupahon
by mterhdal organISms, the seawater the vehIcle to supply necessary nutrIents, and
the aIr a medIUm for passage of solar energy, yet a source of phYSICal stresses
(Connell 1972, Underwood and Denley 1984, Peterson 1991) Interfaces between
separate systems are locahons of typICally hIgh bIOlogIcal achVIty As a trIple
mterface, the mterhdal zone IS excephonally nch and bIOlOgIcally produchve
(RIcketts and Calvm 1968, LeIgh et al 1987) Wmd and hdal energy combme to
subSIdIZe the mterhdal zone WIth planktomc foods produced m the phohc (sun-ht)
zone of the coastal ocean Runoff from the adjacent land mass mJects new supphes
of morgamc nutrIents to help fuel coastal produchon of benthIc algae, although
such runoff m Alaska IS typICally nutrIent-poor and can be very turbId (Hood and
ZImmerman 1986) The consequent abundance and dIverSIty of lIfe and lIfe forms
m the mtertIdal zone serves many Important consumers, commg from land, sea,
and aIr, and mcludmg humans The aesthehc, econOmIC, cultural, and recreahonal
values of the mterhdal zone and Its resources augment Its sIgmhcance, especIally m
the GOA regIon (peterson 2001)

The bIOta of mtertIdal habItats vanes WIth changes m phYSICal substrate type,
wave energy regIme, and atmosphenc chmate (Lubchenco and Games 1981)
Substrata m the GOA mtertIdal zone dIffer as a £unchon of SIZe, rangmg from
Immobile rock walls and platforms, to boulders and cobbles, to gravel, to sands,
and fmally to muds at the fmest end of thIs partIcle-SIZe spectrum Rock surfaces m
the mterhdal zone are populated by eplbIOta, whIch are most commonly attached
macro- and mIcroalgae, sessile, or Immobile, suspensIOn-feedmg mvertebrates, and
mobile grazmg mvertebrates, as well as predatory seastars and gastropods (Connell
1972, Rafaelh and Hawkms 1996) Unconsohdated (soft) substrata-the sands and
muds-are occupIed by large plants m low-energy envIronments, such as marshes,
and mIcroalgae and mfaunal (buned) mvertebrates m all energy regImes (Peterson
1991) Mobile scavengmg and predatory mvertebrates occur on both types of
substratum Interhdal commumhes vary WIth wave energy because of
bIOmechamcal constramts (especIally on potenhally sIgmhcant predators),
changmg levels of food subSIdy, and mterdependenCles between wave energy and
substratum type (LeIgh et al 1987, Denny 1988) Interhdal commumhes tend to be
most lUXurIOUS m temperate chmates, Ice scour and turbId fresh water hmIt
mtertIdal bIota at hIgh lahtudes such as those m the eastern GOA The rocky
mtertIdal commumhes of the PaCIfIc Northwest, mcludmg the rocky shores of
ISlands m the GOA regIon, are hIghly dIverse, although less so than those m
Washmgton These commumhes are also produchve, although hmIted by
dISturbance of wmter storms and reduced solar msulahon (Bakus 1978)

The rocky mtertIdal ecosystem may represent the best understood natural
commumty of plants and anImals on earth EcologISts realIZed more than 40 years
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ago that tlus system was umquely well swted to experImentatIon because the
habItat was accessIble and basIcally two-dImensIOnal and the orgamsms were
mampulable and observable Consequently, ecologIcal SCIence has used
sophIstIcated experImental mampulatIons to produce a detailed understandIng of
the complex processes mvolved m determmmg patterns of dIstrIbutIon and
abundance of rocky mtertIdal orgamsms (Pame et al 1996, Dayton 1971, Connell
1972, Underwood and Denley 1984) Plants and anImals of temperate rocky shores
exhIbIt strong patterns of vertIcal zonatIon m the mtertIdal zone PhYSICal stresses
tend to hmIt the upper dIStrIbutIons of specIes populatIons and to be more
Important hIgher onshore, competItIon for space and predatIon tend to hmIt
dIstrIbutIons lower on the shore Surface space for attachment IS potentIally
hmInng to both plants and anImals m the rocky mtertIdal zone In the absence of
dIsturbance, space becomes hmInng, and competItIon for that hmIted space results
m competItIve exclUSIOn of mferIor competItors and monopolIzatIon of space by a
competItIve dommant PhYSICal dISturbance, bIolOgIcal dISturbance, and
recrwbnent hmItatIon are all processes that can serve to mamtam densItIes below
the level at whIch competItIve exclUSIOn occurs (Menge and Sutherland 1987)
Because of the Importance of such strong bIOlOgIcal mteractIons m determmmg the
commumty structure and dynamICS m tlus system, changes m abundance of certam
keystone speCIes can produce mtense dIrect and mdIrect effects on other SpecIes
that cascade through the ecosystem (Menge et al 1994, Wootton 1994, Menge 1995),
(pame et al 1996)

IntertIdal communItIes occupymg unconsohdated sedIments (sands and muds)
are qwte dIfferent from those found on rocky shores (peterson 1991) These soft
bottom commumtIes are composed of mfaunal (bUrIed) mvertebrates, mobile
IDlcroalgae, and abundant transIent consumers, such as shorebIrds, fIShes, and
crustaceans (Rafaelh and Hawkms 1996) Macroalgae are sparse, and are found
attached to large shell fragments or other stable hard substrata In very low energy
enVIronments, large plants, such as salt marsh grasses and forbs hIgh on shore and
seagrasses low on shore, occur m mtertIdal soft sedIments (Peterson 1991) The
large stretch of mtertIdal soft-sedIment shore m between those vegetated zones has
an empty appearance, whIch IS IDlSleadmg The plants are mICroscOpIC and
productIve, the mvertebrate anImals are bUrIed out of SIght The soft-bottom
mtertIdal habItat represents a CrItIcally Important feedIng ground, espeCIally for
shorebIrds, because the flat topography allows eaSIer access than IS proVIded by
steep rocky coasts and because mvertebrates WIthOUt heavy protectIve CalCIum
carbonate shells are common, partIcularly polychaetes and amphIpods (peterson
1991)

The mtertIdal shorehnes of the GOA exhIbIt a WIde range of habItat types True
soft-sedIment shores are not common, except m Cook Inlet Marshes, fme-gramed
and coarse-gramed sand beaches, and exposed and sheltered tIdal flats represent a
small fractIon of the coastlme m the GOA Sheltered and exposed rocky shores,
wave-cut platforms, and beaches WIth varymg mIXtures of sand, gravel, cobble, and
boulders are the dommant habItats m tlus regIon (Page et al 1995, Sundberg et al
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1996) Abundance, bIOmass, produchVlty, and dIversIty of mtemdal commumhes
on the shores of the eastern GOA WIth nearby glacIers are depressed by proxmuty
to sources of runoff from glacIer Ice melt The ISlands m PWS and the Aleuhan
Islands, for example, have ncher mtemdal communlhes than the mamland of the
northeast GOA, and the mtemdal commumhes of KodIak and Afognak tend to be
ncher than those of the Shehkof Strait maInland on the Alaska Penmsula (Bakus
1978, HIghsffilth et al 1994b) GlacIer Ice melt depresses mtemdal bIOhc
commumhes by mtroducmg turbIdIty and freshwater stresses

Wmter Ice scour seasonally denudes epibIOta along the Cook Inlet shores
(Bakus 1978) Intense wave exposure can cause substratum Instability on mterhdal
cobble and boulder shores, thereby removrng mtemdal epibIOta drrectly through
abrasIon (Sousa 1979) Shores With well rounded cobbles and boulders have
accordmgly poorer mtemdal bIOtas than those WIth reduced levels of phYSICal
dISturbance Bashmg from logs also represents an agent of dISturbance to those
rocky shores exposed to mtense wave achon m thIS region (Dayton 1971)
Consequently, exposed rocky coastlmes may expenence more seasonal fluctuahons
m epibIOhc coverage than commumhes on slffillar substrata m protected fjords and
embayments (Bakus 1978)

The rocky mtemdal shores of the spill area exhIbIt a typIcal pattern of verhcal
zonahon, although the pamcular speaes that dommate vary m Importance as a
funchon of changmg habItat condlhons (HIghsffilth et al 1996, Houghton et al
1996a, Houghton et al 1996b) Vemcal zonahon on mtemdal rocky shores IS a
umversal feature, caused by a combmahon of drrect and mdrrect effects of helght
specIfIc durahon of exposure to arr (pame 1966, Connell 1972)

The uppermost mtemdal zone on rocky shores of the GOA IS charactenzed by
a dark band of the alga Verruccana The rockweed (Fucus gardnen) dommates the
upper mtemdal zone, whIch also mcludes two common barnacles (Balanus glandula
and Chthamalus dalll), two abundant lImpets (Tectura persona and Lotha pella), and
the penwmkle (Llttonna mtkana) (SAl 1980, Hood and ZImmerman 1986, HIghsffilth
etal 1994b)

The ffilddle mterhdal zone commonly has even hIgher cover of Fucus, along
WIth beds of blue mussels (Myhlus trossulus), the penwmkle (Ltttonna scutulata),
barnacles, and the predatory drillmg snail (Nucella lamellosa and N ltma) (Carroll
and HIghsffilth 1996) In the low mterhdal zone, a red alga (Rhodymema palmata)
often IS dommant, although mussel beds often occupy large areas and the grazmg
chItons (Kathanna tumcata, Mopalta mucosa, and Tomcella lmeata) and predatory
seastars (Leptastenas hexachs and others) occur here (SAl 1980, Hlghsffilth et al
1994b) The blue mussel IS a very sIgmhcant member of thIS commumty because It
IS a potenhal compehhve dommant (VanBlancom 1987) and because Its byssus and
between-shell mtershces provIde a protected habItat for a diverse SUIte of smaller
mobIle mvertebrates, mcludmg ISopods, amphIpods, polychaetes, gastropods, and
crabs (Suchanek 1985)
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Abundances of rocky mtertIdal plants and annnals m the GOA are controlled
by the same SUIte of factors that affect rocky shore abundances and dynanucs
elsewhere, especIally m the PacIfIc Northwest PhYSICal factors, such as wave
actIon from wmter storms, exposure to aIr hIgh on shore, Ice scour, and low salmIty
and turbIdIty from glacIal and land runoff, have Important effects on wave
exposed areas (Dayton 1971, Dayton 1975, Bakus 1978)

BIOlOgical controls also exert SIgnIfIcant mfluences Probably the most
SIgnIfIcant of these lIkely controllmg factors for mtertIdal bIota are predatIon and
recrwhnent hnutatIon PredatIon by seastars IS an Important control of
mvertebrate prey populatIon abundances and, therefore, of commumty
composItIon low on mterhdal rocky shores (pame 1966, DethIer and DuggInS 1988)
Because blue mussels are typIcally the preferred prey and represent the dommant
competItor for potentIally hnuted attachment space, thIs predatIon by seastars has
Important cascadmg effects of enhancmg abundances of poorer competItors on the
rock surfaces (Pame 1966) PredatIon by gastropods occasIOnally helps control
mussel abundances (Carroll and HIghSmIth 1996) and barnacle populatIons hIgher
on shore m the GOA (Ebert and Lees 1996) ShorebIrd predatIon, especIally by
black oystercatchers, IS also known to hnut abundances of lImpets on horIZontal
rock surfaces of the PacIfIc Northwest mtertIdal zones, and thIs process can be
readily dIsrupted by human mference WIth the shy shorebIrds (Lmdberg et al
1998) The presence of numerous strong bIOtIC mteractIons m thIS rocky mtertIdal
commuruty of the GOA led to many mduect effects of the EVOS m thIs system
(Peterson 2001) Because of the mfluence of current flows and mortalIty factors
such as predatIon m the water column, larval recrUIhnent can also hnut populatIon
abundances of marme mvertebrates on mtertIdal rocky coasts (Games and
Roughgarden 1987, Menge and Sutherland 1987) WIth a short warm season of
hIgh productIon m the GOA, the potentIal for such recrwhnent lImItatIon seems
hIgh, but process studIes to characterIZe and quantIfy thIs factor have not been
conducted m the GOA Changes m prImary productIon, water temperature (and
thus breedmg season), and phySIcal transport dynanucs assocIated WIth regional
clImate shIfts could reasonably be expected to regulate the mtenslty of recrwhnent
hnutatIon on some rocky shores m the GOA

The consequences of change caused by vanous natural and human-drIven
factors on the structure and dynamICS of the rocky mtertIdal commurutIes are not
well developed m the SCIentIfIc lIterature For example, human harvest by fIshenes
or subSIStence users of Important apex predators that exert top-down control on
mtertIdal commurutIes could cause substantIal cascadmg effects through the
system But the seastars and gastropods that are the strong predatory mteractors m
thIs commuruty m the GOA region are not targets for harvest The mussels that are
taken m subSIStence harvest prOVIde Important ecosystem servIces as structural
habItat for small mvertebrates (Suchanek 1985), as a dommant space competItor
(Pame 1966), and as a WIdely used prey resource (Peterson 2001), but mussels do
not appear hnuted m abundance m the GOA region
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Oceanograpluc processes related to chmate change, eIther natural or human
dnven through global warmmg, have the potentIal to eIther enhance or reduce
recruItment of component mvertebrate speaes of the rocky mtertIdal commumtIes,
but studIes of the connectIons between coastal physIcal dynalnIcs and shorelme
commumtIes are m theIr mfancy (Caley et al 1996) Perhaps the best documented
dnver of change m composItIon and dynamICS of rocky mtertIdal commumtIes IS
the Impact of ou spills The cleanup treatments after the spill, eIther dISpersants
(Southward and Southward 1978) or pressurIZed washes (Mearns 1996), have far
more senous Impacts than the oUItself Because of the Important strong
mteractIons among speCIes m rocky shore commumtIes, the multIple mdrrect
effects of ou spills on tlus system take about a decade to work theIr way out of the
system (Southward and Southward 1978, Peterson 2001) IntensIve samplmg and
experImental work on rocky mtertIdal commumtIes on sheltered shores m PWS
followmg the EVOS make tlus regIOn data-nch relatIve to most other Alaskan
shores

IntertIdal soft sedIments m the spill region of the GOA typIcally possess lower
bIOmass of macroalgae and mvertebrates than correspondmg rocky shores at the
same elevatIons (SAl 1980, HIghslnIth et al 1994b) The taxonOlnIC groups that
dommate mtertIdal soft bottoms are polychaete worms, mollusks (espeaally
bIvalves), and amplupods (DrISkell et al 1996) Sandy sedIments have hIgher
representatIon by suspension-feedmg mvertebrates, whereas fmer, muddy
sedIments are dommated by deposit-feedmg specIes (Bakus 1978, Feder and Jewett
1986) IntertIdal sandy beaches are habItat for several large suspensIOn-feedmg
clams m the GOA that represent Important prey resources for many valued
consumers and that support commeraal, recreatIonal, and subSIStence harvest
(Feder and KaIser 1980) Most Important are the httleneck clam (Protothaca
stammea), the butter clam (Saxzdomus gzganteus), the razor clam (Stlzqua patula), the
cockle (Clmocardzum nuttalln), the pmk-neck clam (Spzsula polynyma), the gapers
(Tresus nuttalln and T capax), and others (Feder and Paul 1974) In mudflats, such
as those along the shores of Cook Inlet, dense beds of a deposit-feedmg clam,
Macoma balt/nca, and the soft-shell clam (Mya arenana) frequently occur (Feder et al
1990) These two relatIvely soft-shelled clams are sIgmftcant food resources for
many seaducks, and the hard-shelled clams are Important prey for sea otters
(KVltek and Ohver 1992, KVItek et al 1992), black and brown bears (Bakus 1978),
and several mvertebrate consumers IntertIdal soft-bottom habItats are also
Important feedmg grounds for shorebIrds and for demersal (deep-water) fIshes and
crustaceans (peterson 2001) In additIon to macrofaunal mvertebrates, smaller
meIOfaunal mvertebrates are abundant on mtertIdal sedImentary shores
Macrofauna descrIbes anImals that are retamed on a 0 S-mm mesh, meIOfauna
refers to anImals passmg through a 0 S-mm mesh but retamed on 0 06-mm mesh,
and lnIcrofauna are anImals smaller than 0 06 mm Nematode worms and
harpacncOld_copepods are the most common meofaunal taxa m the GOA region
(Feder and Paul 1980b) HarpactIcOlds serve an Important role m the coastal food
cham as prey for Juvenue fIshes, mcludmg salmomds (Sturdevant et al 1996)
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LIttle mformatIon eXISts on the dynamIcs of long-term change m structure and
composItIon of mtertIdal commumtIes m soft sedIments anywhere Some of the
best understandmg of Important processes actually comes from the northern GOA
region The Alaska earthquake of 1964 had a tremendous mfIuence on soft
sedIment mtertIdal commumtIes because of the geomorphological modIfIcatIons of
habItat (NRC 1971) UplIft of the shorelme around Cordova, for example, was
great enough to elevate the sedImentary shelf habItat out of the depth range that
could be occupIed by many specIes of clams Clam populatIons m Cordova, a town
once called the clam capItal of the world, have never recovered from the
earthquake The re-mvaslOn of sea otters has sImIlarly caused tremendous changes
m clam populatIons m shallow soft-sedIment commumtIes of the northern GOA,
mostly m subtIdal areas, but also m mtertIdal sedImentary enVIronments (KVltek et
al 1992)

Human Impacts can cause change m soft-sedIment mtertIdal commumtIes as
well Probably the most common means by whIch human actIVItIes modIfy soft
sedIment commumtIes m mtertIdal habItats IS through alteratIon of sedIments
themselves The apphcatIon of pressurIZed wash after the EVOS, for example,
eroded frne sedIments from mtertIdal areas (DrISkell et al 1996) and may be
responsIble for long delay m recovery of clams and other mvertebrates because of a
slow return of sedIments (Coats et al 1999, ShIgenaka et al 1999) AddItIon of
orgamc enrIchment can stImulate growth, abundance, and productIon of
opportunIStIc mfaunal mvertebrates such as several polychaetes and ohgochaetes
m mtertIdal sedIments Such responses were documented followmg the EVOS
(GI1fIllan et al 1995a, Jewett et al 1999), presumably because the oil Itself
represented orgamc enrIchment that entered the food cham through enhanced
bactenal productIon (Peterson 2001) Other types of orgamc ennchment, such as
blOchelllical oxygen demand m treated wastewater from mumCIpal treatInent
facilitIes or mdustrial dIScharges, can create these same responses DeposIts of
tOXIC heavy metals from lllillIDg or other mdustrial actIVItIes and of tOXIC synthetIc
organIC or natural organIC contammants, hke PAHs m oil, can cause change m
mtertIdal benthIc commumtIes by selectIvely removrng sensItIve taxa such as
echmoderms and some crustaceans Gewett et al 1999)

IntertIdal commumtIes are open to use by
consumers from other systems The great
extent and Importance of thIs habItat as a
feedmg grounds for major marme, terrestnal,
and aenal predators render the mtertIdal
system a key to mtegratIng understandmg of

the functIon m the entIre coastal ecosystem (peterson 2001) The mtertIdal habItats
of the GOA are cntIcally Important feedmg grounds for many Important
consumers

• Manne-sea otters, JuvenIle Dungeness and other crabs, JUvenIle shnmps,
rockfIShes, cod, cutthroat trout, and Dolly Varden char m summer, and
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•

Juverule ftshes of other stocks explOIted commerCIally, recreatIonally, and
for subsIStence, mcludmg pmk and chum salmon,

TerrestrIal-brown bears, black bears, nver otters, SItka black-taIled deer,
and humans, and

•
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AVIan-black oystercatchers and other shorebIrds, harlequm ducks, surf
scoters, goldeneyes, and other seaducks, and bald eagles

IntertIdal gravels m anadromous streams are Important spawnmg grounds
for pmk salmon, espeCIally m PWS Therefore, the mtertIdal habItat prOVIdes
VItal ecosystem servIces m the form of prey resources, spawnmg habItat, and
nursery, as well as human servIces m the form of commerCIal, recreatIonal, and
subSIStence harvest of shellftshes and aesthetIc, cultural, and recreatIonal
opportunItIes In short, a habItat that represents only a small fractIon of the
total area of the seafloor may be the most valuable for the servIces It prOVIdes to
the coastal ecosystem and to humans

5 7 2 Subtidal Commumtles

The subtIdal habItat IS the portIon of the seafloor found at depths below the low
tIde (0 0 m datum) mark on shore ThIS habItat mcludes a relatIvely narrow band
of shallow subtIdal bottom at depths m the photIc zone (the zone penetrated by
hght), where plants can hve, and a large area of unlIt seafloor, the deep subtIdal
bottom extendmg across the contInental shelf and slope to depths of 4,000 m m the
GOA (Feder and Jewett 1986) The depth to whIch suffiCIent hght penetrates to
support phOtOsynthesIS and the slope of the subtIdal seafloor determme the WIdth
of the shallow subtIdal zone Along a tectomc coasthne hke the GOA, depth
gradIents are typIcally steep In addItIon, mJectIon of turbIdIty from glaCIer Ice
melt along the coast reduces hght penetratIon through the seawater These factors
combme to produce a shallow subtIdal zone supportIng benthIc plant productIon
m the regIOn of the spill that IS very narrow Consequently, the vast maJonty of the
subtIdal ecosystem, the deep subtIdal area on the contInental shelf and slope,
depends on an energy SUbSIdy m the form of mputs of orgamc matter from other
marme and, to some small extent, even terrestrIal habItats These orgamc mputs
mclude most Importantly detrItus from productIon of mtertIdal seaweeds and from
shallow subtIdal seagrasses, seaweeds, and kelps, as well as partIculate mputs from
phytoplankton, zooplankton, and zooplankton fecal pellets smkmg down from the
photIC zone above to settle on the seafloor In addItIon, the carcasses of large
anImals such as whales, other manne mammals, and ftshes occasIOnally smk to the
bottom and proVIde large dIScrete packages of detrItus to fuel subsequent mIcrObIal
and anImal productIon m the deep subtIdal ecosystem

Although narrow, the shallow subtIdal zone m whIch prImary productIon does
occur IS of substantIal ecolOgIcal sIgmf1cance Many of these vegetated habItats,
especIally seagrass beds, macrophyte beds, and kelps, prOVIde the followmg

1 Nursery grounds for manne anImals from other habItats,
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o 2 Umque habItat for a resIdent commumty of plant-assocIated ammals,

3 FeedIng grounds for lIDpOrtant consumers, mcludmg marme mammals,
seaducks, and many fIshes and shellfIshes, and

4 A source of prlIDary productIon for export as detrItus to the deeper unlIt
seafloor ecosystem (SchIel and Foster 1986, Duggms et al 1989)

In the spill area, eelgrass (Zostera manna) beds are common m shallow
sedIIDentary bottoms at the margIns of protected embayments (McRoy 1970),
whereas on shallow rocky subtIdal habItats, the kelps Agarum, Lammana, and
NereoClJshs form dense beds along a large fractIon of the coast (Calvm and Ellis
1978, SAl 1980, Dean et al 1996a) ProductIVIty estImates m wet weIght for larger
kelps NereoClJshs and Lammana m the northeastern GOA range up to 37 to 72
kg/m2/yr (O'Clarr and ZImmerman 1986) In thIs shallow subtIdal zone, prlIDary
productIon also occurs m the form of smgle-celled algae These mIcrobIal plants
mclude both the phytoplankton m the water column and benthIc mICfoalgae on
and m the sedlIDents and rocks of the shallow seafloor Both the planktomc and the
benthIc mICfoalgae represent ecolOgIcally lIDpOrtant food sources for herbIvorous
marme consumers The typICally hIgh turnover rates and hIgh food value of these
mIcroalgal foods m the shallow subtIdal zone helps explarn the hIgh productIon of
mvertebrate and vertebrate consumers m thIs enVIronment

The sessue or slow-movmg benthIc mvertebrates on the seafloor represent the
bulk of the herbIvore trophIc level m the subtIdal ecosystem ThIs benthIc
mvertebrate fauna m the shallow subtIdal zone dIffers markedly as a functIon of
bottom type (peterson 1991) Rocky bottoms are mhablted by epIfaunal benthIc
mvertebrates, such as sponges, bryozoans, barnacles, anthozoans, tumcates, and
mussels Sand and mud bottoms are occupIed largely by mfaunal (burled)
mvertebrates, such as polychaete worms, clams, nematodes, and amphIpods The
feedmg or trophIc types of benthIc mvertebrates vary WIth envIronment, especxally
WIth current flow regIme (Rhoads and Young 1970) Under more rapId flows, the
benthos IS dommated by suspensIon feeders, anIIDals extractmg partIculate foods
out of suspensIon m the water column Under slower flows, depOSIt feeders
dommate the benthos, feedIng on orgamc matenals deposIted on or m the seafloor
The benthos also mcludes some predatory mvertebrates, such as seastars (for
example, leather star, Dermastenas Imbncata, and sunflower star, Pycnopodla
Iteltanthoules), crabs (for example, helmet crab, Telmessus cltelragonus), some
gastropods, and some scavengmg mvertebrates (Dean et al 1996b) BenthIc
mvertebrates of soft sedIIDents are dIStInguxshed by SIZe, WIth entrrely chfferent
taxa and even phyla occurrmg m the separate SIZe classes Macrofauna mclude the
most WIdely recognIZed groups such as polychaete worms, clams, gastropods,
amphIpods, holothurlans, and seastars (Hatch 2001, DrISkell et al 1996)
Melofauna mclude most prommently m the GOA nematodes, harpactICOld
copepods, and turbellanans (Feder and Paul 1980b) Fmally, mIcrofauna mclude
most prommently forammIfera, clhates, and other protozoans Because the actual
specIes composItIon of the benthos changes WIth water depth, the shallow and
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deep subtIdal benthIc faunas m the spill zone hold few speaes m common Soft
sedIment commumtIes of Alaska are best descnbed and understood m vanous
locatIons Withm PWS, as a consequence of the mtense study after the oil spill

The shallow subtIdal rocky shores that are vegetated also mclude SUItes of
benthIc mvertebrates umque to those systems These benthIc mvertebrates eIther
dIrectly consume the large plants, such as sea urchms, or else are assocIated WIth
the plant as habItat Those SpecIes that depend upon the plant as habItat, such as
several specIes of amphIpods, crabs and other crustaceans, gastropods, and
polychaetes, often are grazers as well, takmg some nuxture of macrophytIc and
epIphytIc algae m therr dIets Grazmg by sea urChIns on kelps IS suffiCIently
mtense m the absence of predatIon on the urchms, especIally by sea otters m the
spill area, to create what are known as "urchm barrens" m whIch the macrophytIc
vegetatIon IS VIrtually removed from the seafloor (Estes and PalmISano 1974,
SImenstad et al 1978) In fact, thIS shallow subtIdal communIty on rocky shores of
the GOA represents the best example m all of marme ecology of a system
controlled by top-down predatIon Sea otters control abundance of the green sea
urchm, StronglJlocentrotus droebacluenSls When released from that otter predatIon,
sea urchm abundance mcreases to create fronts of urchIns that overgraze and
denude the kelps and other macroalgae, leavmg only crustose forms behmd
(SImenstad et al 1978) ThIs loss of macroalgal habItat then reduces the algal
associated mvertebrate populatIons and the fIshes that use the vegetated habItat as
nursery These reductIons m turn can mfluence productIvIty and abundance of
PISCIVOroUS seabIrds (Estes and PalmISano 1974) Recently, reductIon of tradItIonal
marme mammal prey of killer whales has mduced those apex consumers to SWItch
to eatIng sea otters m the AleutIans, thereby extendmg t1us trophIc cascade of
strong mteractIons to yet another level (Estes et al 1998, Estes 1999)

Consequently, the shallow subtIdal commumty on rocky shores of the GOA IS
strongly mfluenced by predatIon and prOVISIon of bIOgenIC habItat (Estes and
Duggms 1995) Human dIsruptIon of the apex predators by huntIng them (as
hIStoncally occurred on sea otters
[SImenstad et al 1978]) or by reducmg
theIr prey (as may conceIvably be
occurnng m the case of the Steller sea
hons and harbor seals through
overfIshmg theIr own prey fIshes [NRC
1996]) has great potentIal to create
tremendous cascadmg effects through the shallow subtIdal benthIC ecosystem
Furthermore, If concentratIon and bIOmagmfIcatIon of organIc contammants such
as PCBs, DDT, DDE, and dIOxmS m the tIssues of apex predators, m partIcular m
transIent killer whales (Matkin unpublIShed data), causes ImpaIred reproductIve
success, then human mdustrial pollutIon has great potentIal to modIfy these coastal
subtIdal commumtIes on rocky shores
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The shallow subhdal bentluc commumhes m soft sednnents of the GOA regIon
funchon somewhat dIfferently from theIr counterparts on rocky substrata These
commumhes are nnportant for nutrIent regenerahon by nucroblal decomposIhon
and for produchon of bentluc mvertebrates that serve as prey for demersal
shrnnps, crabs, and fIshes In some protected areas WIthm bays, however, the
shallow subhdal benthos IS structured by emergent plants, spectflcally eelgrass m
the GOA These eelgrass beds perform ecolOgIcal funchons slmI1ar to those of
macrophyte-dommated rocky shores, namely nursery funchons, phytal habItat
roles, feedmg grounds, and sources of prnnary produchon Gewett et al 1999) In
the vegetated habItats of the shallow subhdal zone, the demersal fIsh assemblage IS
typICally more dIverse than and qmte dIfferent from the demersal fIshes of the
deeper subhdal zone (Hood and ZImmerman 1986) In eelgrass (Zostera) beds as
well as m the beds of small kelps and other macrophytes (Agarum, NereoClJshs and
Lammana) m the GOA, Juvemles of many specIes that hve m deeper waters as
adults use thIS enVIronment as a nursery for theIr young because of mgh
produchon of food matenals and protechon from predators afforded by the
smeldmg vegetahon (Dean et al 2000) Furthermore, several fIshes are assocIated
WIth the plant habItat Itself, mcludmg especIally pIckers that consume crustaceans
and other mvertebrates from plant surfaces, a mche that IS unavailable m the
absence of the vegetahon Both types of vegetated habItats m the shallow subtIdal
zone of the GOA contam larger predatory mvertebrates, spectflcally seastars and
crabs I some cases, the same speCIes occupy both eelgrass and kelp habItats (Dean
et al 1996b)

MICrobIal decomposers play an extremely sIgruftcant role m both shallow and
deep subhdal sednnentary habItats of the sea (Braddock et al 1996) FungI and
especIally bactena become assocIated WIth parhcu1ate orgaruc matter and degrade
the orgaruc compounds ThIS decomposIhon process releases the nutrIents such as
phosphorus and mtrogen m a form that can be reused by plants when the water
mass IS ulhmately recycled mto the phohc zone In short, benthIC decomposers of
the subhdal seafloor playa necessary role m the nutrIent eychng upon wmch
sustamed produchon of the sea depends In addIhon, these decomposers
themselves represent the foods for many deposIt-feedmg mvertebrates of the
subhdal seafloor Much of the detrItus that reaches the seafloor IS composed of
relahvely refrachve orgaruc compounds that are not readily asslmI1ated m the guts
of annnal consumers The growth of nucrObIal decomposers on thIS detrItus acts to
convert these matenals mto more uhhzable mtrogen-nch bIomass, namely fungI
and espeCIally bactena Bactena also scavenge dISsolved orgaruc matenals and
repackage them mto pamculate bactenal bIOmass, wmch IS then available for use m
consumer food chams

In the subhdal habItats, the benthIC mvertebrates serve as the prey for mobile
epIbenthtc mvertebrates and for demersal fIshes (Hood and ZImmerman 1986,
Jewett and Feder 1982) Mobile epIbentluc mvertebrates are dIShnguIShed from the
benthos Itself by theIr greater mobility and theIr only pamal assoclahon WIth the
seafloor The vast maJonty of thIS group IS composed of crustaceans, namely crabs,
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shrImps, tanalds, and some larger amphIpods (Armstrong et al 1995, Orensanz et
al 1998) In the GOA, thIs group mcludes Dungeness crabs, kIng crabs, snow crabs,
Tanner crabs, both Crangon and Pandalus shrImps, such as spot shrtmp, coon
strIped shrtmp, pmk shrImp, and gray shrtmp, and other shellfIsh resources that
had great commercIal Importance before the clImatIc phase shIft of the 1ll1d 1970s
(Anderson and Platt 1999, Mueter and Norcross 1999, Mueter and Norcross 2000)
ClImate and phYSICal oceanography have the potentIal to exert Important
mfluences on recruItment and year-class strength of subtIdal fIshery stocks m the
GOA (Zheng and Kruse 2000b), but the mechamsms and processes are poorly
understood Demersal fIshes are those fIshes closely assocIated WIth the seafloor,
mcludmg flounders, halIbut, sole, rockfIshes, PaCIfIC Ocean perch, and gadnds lIke
cod and walleye pollock They feed predommantly on the eplbenthIc
mvertebrates-the shrtmps, crabs, and amphIpods-but m addItIon prey dIrectly on
some sessIle benthIc mvertebrates as well JuvenIle flatfIsh feed heavIly by
croppmg (partIal predatIon) on exposed SIphons of clams and exposed palps of
polychaetes ThIs role of prOVISIon of benthIc mvertebrate prey for demersal
crustaceans and fIshes IS an Important ecosystem servIce of the shallow subtIdal
seafloor

The shIft m the late 1970s from crabs and shrImps to dommance by demersal
fIshes assoCIated WIth the shIft m clImatIc regtme ImplIes a strong role for
envIronmental forcmg of commumty composItIon m thIs shallow subtIdal system,
although mechamsms of change dynallllcS are not understood (NRC 1996)
Because of the effects of trawlIng on blogemc habItat, such as sponges and erect
bryozoans, m subtIdal soft sedIments and the potentIal for fIsherIes explOItatIon to
mocbfy abundances of both targeted stocks and specIes caught as by-eatch (Dayton
et al 1995), fIshery Impacts to the soft-bottom benthIc communIty are a pOSSIble
drIver of communIty change Because the demersal fIshes that are taken by trawl
and other fIsherIes represent the prey of threatened and endangered marme
ffiallllllals such as Steller sea lIons, the pOSSIble ImplIcatIons of fIShIng Impacts to
thIs commumty are Important (NRC 1996)

The benthIc mvertebrate commumty of shallow unvegetated subtIdal
sedIments has served worldWIde as an mdIcator system for the bIOlOgIcal mfluence
of manne pollutIon The mfaunal mvertebrates that compose thIs bottom
commumty are sessIle or slow-movmg They are dIverse, composed of many phyla
and taxa WIth dIverse responses to the SUIte of potentIal pollutants that depOSIt
upon the sedImentary seafloor Consequently, thIS system IS an Ideal chOIce to
momtor and test effects of manne pollutIon (WarwIck 1993) The subtIdal benthIc
commumty on the sedImentary seafloor IS hllllted by food supply Consequently,
commumty abundance and bIomass reflect the effects of orgamc ennchment ThIs
IS eVIdent from varIatIon m bIomass among subtIdal benthIc commumtIes
geographIcally wlthm the GOA (Feder and Jewett 1986) Therefore, changes m
prImary prodUCtIVIty m the water column above, allocatIon of that productIon
between zooplanktomc herbIvores and benthIc mvertebrates, and phYSICal
transport regtmes combme to cause spatIally explICIt modIfIcatIon of soft-sedIment
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bentluc commumtIes m unvegetated subtIdal sedIments that can serve to momtor
ecosystem status Furthermore, the taxononuc compoSItIon of soft-sednnent
bentluc commumtIes responds dtfferentIally to orgamc loadmg and tOXIC pollutIon
(WarwIck and Clarke 1993, Peterson et al 1996), thereby rendermg tlus system an
excellent chOIce for momtormg to test among alternatIve drivers of ecosystem
change Among common mvertebrate taxa of subtIdal sedImentary habItats, the
echmoderrns and crustaceans (especIally amphIpods) are hIghly sensItIve to tOXic
accumulatIon of heavy metals, PAHs, and synthetIc orgamc compounds Other
taxa such as polychaetes mclude many opportumstIc specIes that bloom WIth
loadmg WIth orgamc pollutants, thereby allowmg Inferences about causatIon of
anthropogemc responses (peterson et al 1996) ThIs capability of subtIdal bentluc
commumtIes m soft sedIments may prove useful m testIng among alternatIve
explanatIons for ecosystem change m the GOA

The deeper subtIdal habItats on the outer contInental shelf and the contInental
slope are not well studIed m the GOA system (Bakus 1978, SAl 1980a, SAl 1980b)
There has been some deSCriptIon of the mobile epibentluc commumtIes and the
demersal fIsh commumtIes of these deeper bentluc habItats (Feder and Jewett
1986) Most samplmg of these deeper bentluc habItats mvolves trawlmg and focuses
on the stocks of crabs, shnrnps, and demersal fIShes that are commercIally
explOIted (Rosenberg 1972, Bakus 1978) The contInental shelf as a whole (shallow
to deep) represents a key fIshmg grounds m the GOA and has correspondmgly
hIgh value to humans Because commumty structure of bentluc systems can be
modtfted dramatIcally by the phYSICal damage done by trawls to blogemc habItat
such as sponges and soft corals (Dayton et al 1995), tlus human actIVIty IS the
object of concern The contInental slope, on the other hand, does not experience
great fIshmg pressure

5 7 3 General Research Questions

How do the substrates, bathymetry, phYSICal factors, bIolOgical forces such as
predatIon and competItIon, and human actIons act together to defme commumty
structure?

What controls the rates of recruItment of key plant and anImal speCIes to the
nearshore bentluc commumtIes?

• To what degree do reCruItment processes control commumty structure and
populatIon abundances m mtertIdal-subtIdal bentluc systems?

• How does predatIon 1Imlt the abundance, diverSIty, and SIZe composItIon
of bentluc marme mvertebrates

What IS the relatIonshIp between bIOlogICal productIon processes and phYSICal
transport phenomena m the coastal ocean and settlement patterns and mtensitIes of
VarIOUS specIes m mtertIdal-subtIdal bentluc commumtIes?
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How do bIOlogIcal mteractIons, both dIrect (such as predatIon and mterference
competItIon), and mdIrect (such as tropluc cascades), mfluence the dynanucs of
commumty change and succeSSIOnal recovery from dIsturbance m mtertIdal
subtIdal systems?

How does mtertIdal and subtIdal habItat change mfluence speCIes of fISh,
seabIrds, and marme mammals from thIS and the other systems?

•

•

How do offshore, ACC, and watershed processes mfluence the abundance,
productIon, and dynanucs of mter-tIdal and subtIdal speCIes such as fIShes,
seabIrds, and marme mammals?

How do mtertIdal and subtIdal habItats mfluence the abundance,
productIon, and dynanucs of speCIes such as fIShes, seabIrds, and marme
mammals m the offshore, ACC and watershed habItats?

• What are the relatIve contnbutIons of carbon ftxed by nucroalgae and
macroalgae m the mtertIdal and subtIdal?

What are the approaches to measurmg commumty structure that allow the
effects of human actIons to be dIstInguIShed from the effects of natural forces m the
mtertIdal and subtIdal?

To what degree do human actIons, such as watershed modmcatIons, POP ~

releases, orgamc loadmg, and dIrect and mdrrect effects of explOItatIon of marme
resources, have lffiportant Impacts on mtertIdal-subtIdal benthIC commumtIes on
rocky shores and m sedIIDentary habItats?

What IS the degree to wluch toxms mgested by benthIC mvertebrates are
transferred up the food cham m a form that can affect reproductIon, growth, or
SUrvIVal of vertebrate consumers of those bentluc prey?

What IS the functIonal sIgmf1cance of bIOdIversIty and apparent functIonal
redundancy of the dIverse SUIte of component speCIes of mtertIdaljsubtIdal
communItIes?

5 8 Forage Species 5 8 1 Definition
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Forage speCIes mclude a broad SUIte of speCIes
that are commonly consumed by lugher tropluc

level speCIes (fIsh, seabIrds, and marme mammals) Excluded from thIS group are
bentluc macromvertebrate forage speCIes, such as mussels, clams, crabs and
urcluns, that were dIScussed m SectIon 5 7 The forage speCIes occupy a nodal
pOSItIon, they are the food on whIch many speCIes converge, and the means
through wluch carbon and energy are transferred among speCIes Management
agenCIes consIder forage speCIes lffipOrtant to sustam speCIes of mterest m the
GOA, because they serve as pnmary prey of many larger fIsh specIes, seabrrds, and
marme mammals The specmc memberslup of the forage speCIes complex varIes
among authors and management agenCIes The groundflSh fIShenes management
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plan of the North PacIfIc FIShenes Management COunCll (NPFMC) defmes the
forage speaes complex as a group of speaes that mcludes the followmg (NMFS
2001)

• Smelts (capelm, rambow smelt, eulachon, and famI1y Osmendae),

• PacIfIc sand lance (Ammodytes hexapterns),

• Lantern fIShes (famI1y Myctopludae),

• Deep-sea smelts (famI1y BathylagIdae),

• PacIfIc sandfISh (Tnchodon tnchodon),

• Euphausnds (Thysanopoda, Euphausla, 111ysanoesssa, and ShJlochelron),

• Gunnels (famI1y PholIdae),

• Pncklebacks (famI1y SochaeIdae),

• BrIStlemouths, hghtfIShes, and anglemouths

Spnnger and Speckman (1997) extend thIS defmloon to mclude Juvernles of
commerCially explOited specIes such as PacIfIc herrmg (Clupea pallasl), walleye
pollock (I1reragra chalcogramma), and PacIfIc salmon (Oncorhynchus sp) For the
purposes of thIS background reVIew, the GEM program focuses on a subset of
speCIes that are commonly found m coastal or oceamc regIons of the GEM study
regIon In the shelf envIronment, thIS subset mcludes euphausnds, capelm,
eulachon, sand lance, Juvemle pollock, Juvernle herrmg and Juvernle pmk salmon
(Oncorhynchus gorbuscha) In the offshore envIronment, thIS subset mcludes
common myctopluds, such as small-fmned lantern fIShes (Stenobrac1nus leucopsarns
and Dlaphus tlreta), and bathylagIds, such as the northern smoothtounge
(Leuroglossus schmldh) Tlus parhoonmg allows GEM to lughlIght several key
research quesoons that could be the focus of future GEM programs

A more complete descnpoon of the lIfe flIStOry characterISocs of the forage
speCIes Ident1fled by GEM can be found m the article "Paclflc fIshes of Canada"
(Hart 1973) and the NPFMC Stock Assessment and FlshenJ Evaluahon Report for
Groundfish Resources of the GulfofAlaska (NMFS 2001) Table 2 summarIZes key
features of the lIfe hIStory characterISocs

5 8 2 Resource Exploitation In the GEM Region

Forage SpecIes are taken as bycatch m federal and state &shenes m the GOA
(NPFMC 2000, NMFS 2001) The bIOmass of forage speCIes (excludmg JUvernle
pollock, PacIfIC herrmg, and PacIfIc salmon) taken as bycatch m federal fIShenes m
the western central GOA tends to be small, represenhng a small fract10n of the total
retamed catch (NPFMC 2000) In an attempt to dIscourage the development of
target fIShenes for forage speCIes, the NPFMC restrIcts the catch of forage speaes to
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no more than 2% of the total landed catch of commerCIal fIshenes m federal waters
(NMFS 2001)

Paaftc salmon fIshenes off the coast of Alaska are managed by a complex
system of treatIes, regulatIons, and mternanonal agreements State and federal
agencIes cooperate m managmg salmon resources The State of Alaska regulates
commercIal fIshenes for salmon Wlthm state waters where the maJonty of the catch
occurs Federal agenCIes control the bycatch of JUvemle salmon m groundfIsh
fIshenes through bycatch restrIctIons (NMFS 2001) In the GEM study region, pmk
salmon are pnmarily harvested by purse semes Most of the pmk salmon taken m
PWS are of hatchery ongm

State and federal agenCIes also cooperate m managmg PacIfIc hernng fIsherIes
Most dIrected removals occur Withm state waters These fIsherIes are regulated by
ADF&G Federal agenCIes regulate the bycatch of PacIfIc herrmg m groundfIsh
fIsherIes that occur m federal waters

Commercial removals of walleye pollock are regulated by state and federal
agenCIes The majorIty of the catch occurs m federal waters, however, small state
fIsherIes have started m PWS In federal waters, the catch IS regulated by federal
agenCIes based on recommended harvest regulatIons prOVIded by the NPFMC The
catch of Juvemle pollock IS assessed withm the stock assessment and fIshenes
evaluatIon reports Juvemle pollock catch IS mcluded m consIderatIons of annual
quotas for thIS specIes The lack of a market for Juvemle pollock less than 30
centImeters (cm) m length serves as an mcentIve to mdustry to nunmuze the
bycatch of Juvenile pollock Efforts to rrunmuze bycatch of JUvemle pollock m
pollock target fIsherIes mclude the voluntary adoptIon of alternatIve mesh
confIguratIons deSIgned to reduce the retentIon of small pollock (ErIckson et al
1999)
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Table 2 Summary of Key Life History Characteristics of Selected Forage Species

Pacific sand Northern
Capelln Eulachon lance Walleye Pollock Pink salmon lantemfish

Euphausllds Mallotus Tha/elchthyes Ammodytes Theragra Pacific hemng Oncorhynchus Stenobrachlus
Charactensbcs 11 species villasus pacdicus hexapterus chalcogramma Clupea pallas" gorbuscha leucopsarus

Maximum age 2 4 5 3 21 18 2 6
(years)

Maximum length 4 25 25 15 80 45 65 9
(centimeters)

Prey planktlvorous planktlvorous planktlvorous planktlvorous plankton and fish planktlvorous plankton and fish planktlvorous

Peak spawning spnng spnng spnng WInter Wlnter-spnng Wlnter-spnng summer unknown-
WInter?

Spawn location unknown Intertidal nvers late fall early pelagic on shelf nearshore nvers unknown
WInter

Abundance unknown low stable low stable unknown low stable low high stable unknown
trend (uncertain) (uncertam) (uncertain)

Foraging habitat pelaglc- pelagic- pelagic- demersal- mesopelaglc- pelagic shelf pelagic shelf and mesopelaglc-
mid-water over mid-water over mid water over 0100 m demersal and open ocean outer shelf and
shelf shelf shelf over shelf open ocean

2



High-speed near-surface trawls

AcoustiC mid-water trawl surveys

Small mesh beach seines

Aenal spawning surveys

light detection and ranging (L1DAR)

MOnitoring diets of key bird predators
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Although the bycatch of non-commeraal forage SpecIes tends to be low relahve
to target fIshenes for commercIally explOIted specIes, the percentage of the bycatch
relahve to regIonal abundances of mdlvldual forage specIes IS often not known
because of the dIffIculty mvolved m assessmg these SpecIes

5 8 3 Assessment Methods and Challenges

A hIgh pnonty should be placed on ImproVIng forage speCIes assessment The
dIverSIty of lIfe hIStory charactellShcs confound efforts to develop a mulhpurpose
survey to assess forage speCIes as a smgle complex In addIhon, several forage
speCIes are small and pelagIC makmg them less vulnerable to the standard trawl
gear used m broad-scale surveys to assess stocks conducted by ADF&G or NMFS

Several authors have reported on possIble trends m forage specIes abundance
m the shelf and offshore enVIronment (Hay et al 1997, Anderson and Platt 1999,
Blackburn and Anderson 1997, BeamISh et al 1999a) These papers rely on
anecdotal mformahon from surveys that were deSIgned to assess the abundance of
another specIes (such as shrImp, salmon, crab, or groundfIsh) IndIces of
abundance based on these data may be subject to error because of problems WIth
the selechvlty of the gear or the lImIted spahal or temporal scope of the surveys

An assessment deSIgned for forage speCIes IS needed to develop an accurate
evaluahon of the dIstnbuhon and abundance of thIs Important group of specIes It
IS unlIkely that a smgle survey would be adequate for all forage SpecIes, therefore,
a vanety of survey methods should be consIdered Potenhal survey methods for
forage speCIes are IdenhfIed m Table 3

Table 3 Potential Surveys for Assessment of Selected Forage Species

Type Candidate Species

Small mesh mid-water surveys Euphausllds capelln eulachon Juvenile
pollock (age 0 and age 1) Juvenile
hernng small finned lanternfishes
northern smoothtongue

Juvenile salmon

Capelln eulachon, Juvenile pollock
Juvenile hernng euphausllds

Sand lance

PaCific hernng and capelln

Useful for speCies WIthin the upper 50 m

Juvenile pollock capelln and sand lance

The desIgn of such surveys requITes knowledge of the spahal extent of the
SpecIes and the vulnerability of forage specIes to the samplmg method When
consldenng trawl surveys, analysts must consIder ISSues such as the mfluence of
SIZe and trawl conflgurahon on the vulnerability of the specIes to the gear In the
case of acoushc mId-water trawl surveys, research on ground truthmg and target
IdenhfIcahon of acoushc data will be requITed (Traynor et al 1990, McClatchIe et al
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2000) In adchbon, research will be needed to verIfy the target strength to length
relabonslup of forage specIes (Rose 1998, WIlliamson and Traynor 1984) When
conslderrng aenal surveys for capelrn, SCIentIsts will need to evaluate the fIdehty of
tlus specIes to spawnrng grounds and the consIStency of the tmung of the spawn
When rnomtorrng dIets of key bIrd predators, research IS needed to evaluate factors
that could rnfluence the chet composlbon, rncludmg prey preferences, prey
SWltChrng, and the vulnerability of prey to capture (selemvlty)

5.8 4 Hypotheses About Factors Influencmg Food Production
for Forage Fish Production

Several hypotheses (summarIZed below) have been advanced to explarn trends
rn forage fISh dIStnbubon and abundance For the most part, these hypotheses are
based on research m the shelf and coastal waters of the western central GOA
ecosystem DetaIled process-onented research to confIrm hypotheses has only
been conducted for a small number of forage speCIes, and these stuches were often
conducted m a hmIted geograpluc area represenbng only a fracbon of the range of
the specIes

1 ShIfts m large-scale atmosphenc forcmg controls the structure of marrne
fISh commumbes m the western central GOA ecosystem through Its role rn
detenmmng the tmung of peak productIon SpecIes that spawn m the
wmter will be favored by penods of early peak producbon, and speCIes that
spawn m the sprrng and summer will be favored by penods of delayed
producbon (Mackas et al 1998, Anderson and PIatt 1999)

2 Ocean conchbons that favor concentrabon of forage fISh and theIr prey will
enhance producbon of forage speCIes The FDa program IdenbfIed a
potenbal mechanISm lrnkmg mcreased preclpltabon to enhanced eddy
formabon and reduced larval mortalIty EddIes are beheved to prOVIde a
favorable enVIronment for pollock larvae by mcreasmg the probability of
encounters between larvae and theIr prey (Megrey et al 1996) Research IS
needed to determme whether tlus mechanISm may be Important for other
forage fIShes Wlthm the western and central GOA

3 An mverse or dome-shaped relabonslup eXISts between the amount of wrnd
ffilXillg and forage fISh producbon BaIley and Macklrn (1995b) compared
hatch date dIStnbubons of larval pollock WIth daIly wrnd ffilXillg Tlus
analysIS showed that frrst-feedmg larvae exlublted lugher SurvIval durrng
penods of low wmd ffilXmg

4 At fIner spabal scales, prey resources for forage fISh may be hmIted, leadmg
to resource parbbonrng to mmImIZe compebbon between forage fISh
speCIes that occupy sImIlar habItats Willette et al (1997) exammed the
dIets of Juvemle walleye pollock, PacIfIc herrmg, pInk salmon, and chum
salmon m PWS TheIr study revealed that two speCIes parrs (walleye
pollock and PacIfIc herrmg, and pmk and chum salmon) exlublted a lugh
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degree of dIetary overlap Thts fIndIng suggests that rn PWS, competItIon
for food resources may occur Wlthm these parrs when food abundance IS

lmuted

5 8 4 1 Food Quality

Efforts to Improve understandrng of the mechamsms underlyrng the
productIon of food for forage fIshes would benefIt from a better understandrng of
the composItIon of the prrnCIpal prey speCies Although detaIled rnformatIon exISts
for commercIal specIes such as JUvemle pollock, salmon, and herrrng (Clanelh and
Brodeur 1997, Willette et al 1997), only lmuted rnformatIon IS avaIlable to descrIbe
the prey preferences of many members of the forage fISh complex In partIcular,
rnformatIon IS lackIng rn the case of offshore speCIes

5 8 5 Hypotheses About Predation on Forage Fish

By defImtIon, forage specIes represent an Important prey resource for many
mgher-trophlc-Ievel consumers (fISh, seabrrds, and marrne mammals) Top-down
predatIon pressure on forage fISh depends on several factors, rncludmg predator
abundance, the abundance of alternatIve prey, the densIty of prey, and the
patchrness of prey Changes rn these factors will rnfluence the relatIve Importance
of top tropmc-Ievel forcmg on forage fISh productIon

EVIdence suggests that rn some years, fISh predatIon may exmblt a measurable
effect on forage specIes productIon rn the GEM regIOn Anderson and Platt (1999)
noted that the sh1ft rncrease rn gadOld and pleuronectId fIShes durrng the post
1977-1978, oceamc-clImatIc regIme comCIded WIth marked declrnes rn capelrn and
shrImp populatIons They proposed that thIS rnverse relatIonsmp could be caused
by rncreased predatIon mortalIty because of an mcrease rn piCIvorous (fISh-eatIng)
SpecIes ConsIStent WIth thIS hypothesIS, Batley (2000) performed a retrospechve
analysIS of factors rnfluencrng Juvemle pollock SUrvIVal He proVided eVIdence that
durrng the 1980s, pollock populatIons were largely rnfluenced by envrronmental
condItIons, and after the lllid-1980s, Juvemle mortahty was mgher, resultIng from
the buildup of large fISh predator populatIons In PWS, Cooney (1993) speculated
that pollock predatIon could explarn some of the observed trends rn JUvemle
salmon SUrvIVal He suggested that years of mgh copepod abundance were
assocIated WIth mgh Juvemle salmon SurVIval, because pollock rehed on an
alternatIve prey resource In the open ocean, BeallliSh et al (1999a) proposed that
mesopelagtc fIShes transfer and redIStrIbute energy through two prImary tropmc
pathways (1) abundant zooplankton to S leucopsarsus and then sqUId, and (2) S
leucopsarsus, D tlzeta, and L schmldh to walleye pollock, salmon, dolphrn, and
whales The diVISIon of energy through these pathways IS thought to rnfluence the
amount of energy reachrng the sea floor

The Importance of forage fISh rn seabrrd and marme mammal dIets has been
demonstrated by a number of authors (Hatch and Sanger 1992, Sprrnger et al 1996,
Kuletz et al 1997, Ostrand et al 1998) There IS httle eVIdence that seabrrd
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predation is sufficient to regulate the production of forage fishes in the GEM
region, however. Note to author: Recent anecdotal evidence published in Nature
(Thomas and Thorne) circumstantially links predation by sea lions and seabirds to
control of herring populations in PWS. Growth in humpback whale populations
may not be inconsequential with respect to control of small herring populations.
This does not change the conclusion of this paragraph, but perhaps should be
mentioned. Therefore, key research elements for predation of forage species by
marine mammals and seabirds should focus on the role of oceanographic features
in concentrating forage species within the foraging range of seabirds and marine
mammals.

Although only a few studies have examined the importance of gradients
(fronts) or water mass characteristics in aggregating forage species for top
predators in the GEM region, the importance of these features is well known in
other regions. In the Atlantic, aggregations of capelin appear to be associated with
strong thermal fronts (Marchland et al. 1999). Likewise, climate impacts on the
distribution and productivity of Antarctic krill (Euphousia seperba) have been shown
to produce important impacts on higher trophic level consumers (Reid and Croxall
2001, Loeb 1997). Ocean conditions may influence the onshore and offshore
distribution of some forage species. Hay et al. (1997) found that, in warm years,
eulachon were more abundant in the offshore environment, and in cool years,
eulachon were more common in the nearshore environment. Consistent with the
hypothesis of Hay et al., Carscadden and Nakashima (1997) noted a marked decline
in offshore capelin abundance during a cool period in 1990s in the Atlantic.

5.8.6 Hypotheses Concerning Contamination

Because of the broad distribution and abundance of contaminants, there is little
evidence to suggest that contaminants regulate the production of forage species in
Alaska waters. If forage species exhibited strong subpopulation genetic structure,
contaminants could be influential in the local mortality rate of forage fish
subpopulations. The small size, short life span, and importance as a prey item for
higher trophic level foragers make forage species ideal indicators of regional
contaminant levels (Yeardley 2000). If forage species are to be used as a regional
indicator of ecosystem conditions, research is needed to determine whether forage
species bioaccumulate toxic chemicals. Studies are needed to determine whether
observed accumulations of toxic chemicals are sufficient to change mortality rage of
forage species. If forage species accumulate lethal levels of toxic chemicals at the
regional level, genetic studies are needed to determine whether these populations
represent genetically unique subpopulation segments.

5.8.7 General Research Questions

How can trends in abundance of forage species be explained?
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• What is the role of large-scale atmospheric forcing in controlling the
structure of marine fish communities in the western central GOA
ecosystem?

• Are species that spawn in the winter favored by periods of early peak
primary production, and species that spawn in the spring and summer
favored by periods of delayed production?

Do ocean conditions that favor concentration of forage fish and their prey
enhance production of forage species?

• Do eddies favor enhanced production and recruitment of forage species?

Is the amount of wind mixing inversely or directly (for example, Rothschild
Osborn) proportional to forage fish production?

Does interspecific competition at small spatial scales limit production of forage
fish species that occupy similar habitats?

Does predation limit the abundance of forage species populations?

Does the aggregation of forage species by gradients (fronts) or water mass
characteristics allow top predators to control forage species abundance in the ACC
and offshore?

What is the role of food quality as shown by prey preference selection in
controlling forage species abundance?

What is the role of accumulations of toxic chemicals in forage species in
influencing reproduction, growth, and death of forage species?

5.9 Seabirds 5.9.1 Overview

110

The GOA supports huge numbers of resident
seabirds: 26 species nest around the periphery of

the GOA, with an estimated total on the order of 8 million birds (Table 4). Note to
author: Are sea ducks not considered seabirds? Seaducks should be included
somewhere, since they are important members of shallow marine communities.
Most species are colonial and aggregate during summer at about 800 colonies. A
variety of habitats are used for nesting, such as cliff faces, boulder and talus fields,
crevices, and burrows in soft soil. Two species, Kittlitz's and marbled murrelets,
are not colonial and nest in very atypical habitats. Kittlitz's murrelets nest on scree
fields in high alpine regions often many kilometers from the coast, and marbled
murrelets nest mainly in mature trees in old-growth conifer forests, also often
distant from the coast.
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,
Table 4 Nestmg Seabirds m the Gulf of Alaska'-

Abundance1 Blomass2 Nesting Foraging
English Name SCientific Name (thousands) (tonnes) Habltae Mode4

Northern fulmar Fulmarus glac/alls 440 268 Cliff SF

Fork-tailed storm-petrel Oceanodroma furcata 640 32 Burrow SF

Leach s storm-petrel Oceanodroma leucorhoa 1067 53 Burrow SF

Double-crested cormorant Phalacrocorax auntus 33 6 Cliff CD

Brandt s cormorant Phalacrocorax pemc/llatus 0086 02 Cliff CD

PelagiC cormorant Phalacrocorax pelag/cus 21 40 Cliff CD

Red-faced cormorant Phalacrocorax unle 20 38 Cliff CD

Unidentified cormorant Phalacrocorax spp 15 29 Cliff CD

Mew gull Larus canus 15 11 Ground SF

Hernng gull Larus argentatus 1 1 Ground SF S

Glaucous winged gull Larus glauscescens 185 241 Ground SF S

Black-legged kittIWake R/ssa tndactyla 675 270 Cliff SF

Arctic tern Sterna parad/saea 89 12 Ground SF

AleutJan tern Sterna aleut/ca 94 12 Ground SF

Umdentlfied tern Sterna spp 1 7 022 Ground SF

Common murre Una aalge 589 589 Cliff DD

Thick-billed murre Una lomv/a 55 55 Cliff DD

UmdentJfied murre5 Una spp 1 197 1197 Cliff DD

Pigeon gUillemot Cepphus columba 24 13 Crevice CD

"-..-/ Marbled murrelet Brachyramphus marmoratus 200 48 Tree CD

Ktttlitz s murrelet Brachyramphus breVlrostns + + Scree CD

AnCient murrelet Synthl/boramphus antJquum 164 38 Burrow CD

Cassin's auklet Ptychoramphus aleut/cus 355 71 Burrow DD

Parakeet auklet Cerorhmca monocerata 58 17 Crevice DD

Least auklet Aeth/a pustlla 002 00018 Talus DD

Crested auklet Aeth/a cnstatella 46 14 Talus DD

Rhinoceros auklet Cyclorrhynchus ps/ttacula 170 90 Burrow DD

Tufted puffin Lunda c/rrhata 1093 874 Burrow DD

Horned puffin Fratercula cormculata 773 425 Crevice DD

Total 7,826 4,423

1From US Fish and Wildlife Service (USFWS) seabird colony database marbled
murrelet In Gulf of Alaska from Platt and Ford (1993)
2Based on weights of seabirds presented by DeGange and Sanger (1986)
3Pnnclpal type

4SF =surface-feeder CD =coastal diver DD =deep diver S =scavenger From
DeGange and Sanger (1986)
5EssentJaily all common murres
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Predahon by terrestnal mammals and rapacIous brrds undoubtedly 15
responsIble for the neShng habItats and habIts adopted by seabrrds Chff-neShng
specIes are free to nest on mamland sItes, because mammals cannot reach them and
they are large enough to defend themselves and therr nests agamst most aVIan
predators Ground-neShng specIes do not have tlus ophon and must nest only on
15lands free from predatory mammals AddIhonally, some ground-neShng specres
come and go to and from colomes only at mght, apparently to further thwart aVIan
predators

Foxes, rats, voles, and ground squrrrels were vanously mtroduced to most
15lands m the Aleuhans and GOA between the late 1700s and early 1900s and
severely reduced the abundances of many specIes of ground-neShng seabrrds, such
as storm-petrels, auklets, murrelets, and puffms (Bailey and Kal5er 1993, Boersma
and Groom 1993, Sprmger et al 1993) Today, even though foxes no longer eXl5t on
most 15lands, numbers of these specIes of ground-neshng seabrrds shll hkely reflect
the effects of mtroduced mammals Moreover, predators that occur naturally
occaSIOnally have large, local effects on neshng seabrrds m the GOA (Oakley and
Kuletz 1996, Sel5er 2000)

The dIstnbuhon and abundance of neshng seabrrds m the GOA 15 therefore
governed pnmanly by the availabIhty of SUItable, safe neshng habItats, as well as
by the availability of prey For example, chff-neshng specIes, such as murres and
klthwakes, requrre chffs facmg the sea Therefore, regardless of the bIOmass of
potenhal forage specIes m the eastern GOA, there are no murres or klthwakes m
much of the region because of the lack of sea chffs Where sUItable neshng habItat
does eXl5t, seabIrds nearly always occupy It, and fluctuahons m theIr produchVlty
and abundance through hme are thought to be determmed for the most part by
fluctuahons m prey populahons

SpeCIes that nest on chff faces, such as murres and klthwakes, are the most
well-studied because of therr Vl5Ibility Complehng censuses of chff-neShng
seabIrds 15 comparahvely easy, as 15 measurmg several components of theIr
breedmg bIOlogy, mcludmg the study of recurnng natural phenomena such as
ffilgrahon (phenology) and reproduchve success Consequently, precl5e eshmates
of abundance and prOdUctlvIty, and trends m these varIables through hme, are
available for murres and klthwakes at many colomes m the GOA In addihon to
theIr Vl5Ibility, murres and klthwakes are extremely numerous and widely
dl5trlbuted, and more 15 known about them than about any other speCIes

In contrast, seabrrds that nest underground are dlfficult to study A further
comphcahon 15 that some of these are nocturnal as well DespIte huge numbers
and broad dIStrIbuhons of some dmrnal speCIes, such as puffIns, and nocturnal
specIes, such as storm-petrels, much less 15 known about populahon SiZes and
produchvity or trends m these parameters through hme and space They do have
sClenhllc value, however, because other characterl5hcs of therr bIOlogy offer
valuable opportumhes for obtammg mformahon on the dl5trIbuhon and dynaffilcs
of prey populahons lffiportant to a vanety of seabrrds and marme mammals
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Most seabIrds m the GOA are pnmanly PISClVOroUS (fIsh eatmg) durmg the
nestmg season The prmcipal exceptIons mc1ude northern fulmars, storm-petrels,
and thick-billed murres, which consume large amounts of sqUId, auklets, whIch
specrahze on zooplankton, and gulls, terns, and guillemots, which consume
consIderable amounts of crustaceans m addItIon to fIsh Many SpecIes of fIshes are
taken, although a comparatIvely small number contrIbute the bulk of the bIOmass
to dIets of most seabIrds Overall, the three most Important specIes of fIshes are
sand lance, capelm, and pollock At certaIn colomes, at certam tlmes, m certaIn
years, or any combmatIon of these condItIons, the myctophIds, PaafIc cod, saffron
cod, herrmg, sablefIsh, pncklebacks, prowfIsh, and salmon are also Important to
some specIes (Hatch 1984, BaIrd and Gould 1986, DeGange and Sanger 1986,
Sanger 1987, Hatch and Sanger 1992, Irons 1992, Platt and Anderson 1996, Suryan
et al 2000, Gill and Hatch unpublIShed data)

ResIdent GOA seabIrds can be dIVIded mto three groups based on theIr
foragmg behaVIor (Table 4) Surface-feeders, as theIr name Imphes, obtam all of
theIr food from about the upper 1 m of the water column and often forage over
broad areas Coastal dIvers can generally reach bottom and typICally forage m
shallow water near shore PelagiC mId-water and deep dIvers are capable of
explOItmg prey at depths of up to nearly 200 m and of foragmg over large areas
(SchneIder and Hunt 1982, Platt and NettleshIp 1985) Most mdIviduals of most
specIes forage over the contmental shelf durmg summer ThIS IS due pnmarily to
the locatIon of nestmg areas, which are along the mamland coast and on nearshore
ISlands, and the dIStnbutIon of forage specres, which m aggregate are more dIverse
and abundant on the shelf than off the shelf ExceptIons to this generahzatIon are

the fulmars and storm-petrels, which have
anatOlmcal, behaVIoral, and phYSIOlogICal
adaptatIons that allow them to forage at great
dIStances from theIr nestmg areas, gIvmg them
access to resources off the shelf (Boersma and
Groom 1993, Hatch 1993), and speCIes such as
kittIwakes that typICally feed over the shelf, but

which can effiCIently explOIt prey off the shelf when those prey are Wlthm foragmg
range from theIr nestmg locatIons (Hunt et al 1981, Sprmger et al 1996, Hatch
unpublIShed data) Therefore, as a group, seabIrds sample forage populatIons
broadly m three dImensIOns These characterIStIcs, plus vanatIons m dIet between
speCIes and the sensItIvIty of vanous components of theIr breedmg bIology and
populatIon abundance to fluctuatIons m prey availability, make seabIrds m the
GOA, as elsewhere, valuable tools m the study of marme ecosysteIns (Carrns 1987,
AebIScher et al 1990, Furness and NettleshIp 1991, Sprmger 1991, Hatch and
Sanger 1992, MontevecchI and Myers 1996, Platt and Anderson 1996, Sprmger et al
1996)

SeabIrd populatIons m the North PaafIc from CalIforma to ArctIc Alaska are
very dynamIC, waxmg and wanmg m response to changes m prey abundance,
predators, entanglement m fIshmg gear, and oil spIlls (Anderson et al 1980, Amley
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and Broekelheid 1990, Pame et al 1990, Murphy et al 1991, Hatch 1993, Hatch et al
1993, Amley et al 1994, Byrd et al 1998, DlVoky 1998) Oil spilled from the Exxon

Valdez killed an estImated 250,000 seabIrds ill the GOA, 185,000 of whIch were
murres (Platt and Ford 1996) Most murre mortalIty occurred downstream from
PWS near the Barren Islands and Alaska Penmsula and had an unknown effect on
the abundance of murres at regional colomes There IS eVIdence that the lffiffiedIate
mortalIty and lmgermg effects of the spill ill PWS have depressed the abundance of
several other specIes of seabIrds there throughout the 1990s (Irons et al 2000)

A strong case also has been made for a broad-scale declme m seabIrd
abundance ill the GOA durmg the past 2 to 3 decades begIllllillg before the EVOS
Marme bIrds counted at sea m summer m PWS apparently declmed by some 25%
m aggregate between 1972 and the early 1990s (Kuletz et al 1997) Many specIes
contrIbuted to the declme, mcludmg loons, cormorants (-95%), mergansers,
Bonaparte's gulls, glaucous-wmged gulls (-69%), black-legged kittIwakes (-57%),
arctIc terns, pIgeon gwllemots (-75%), marbled and KIttlItz's murrelets (-68%),
parakeet auklets, tufted puffms, and homed puffIns (-65 %) (KloslewskI and Lamg
1994) Other census data further mdlcated that for the marbled murrelet, at-sea
wmter abundance declmed by more than 50% throughout the GOA durmg thIS
tIme (platt and Naslund 1994) Results from studIes at several murre colomes ill

the GOA m summer tend to support thIS pattern Platt and Anderson (1996)
revIewed the abundance hIStOrIes of 16 colomes and concluded that many were ill

declme before the EVOS Therefore, It proved dIffIcult to estImate the effect oil had
on murre populatIons

It IS generally thought that alteratIons ill forage fISh abundance and commumty
struchrre brought on by enVIronmental change not assocIated WIth the oil spill,
such as clImate change, have been prImarily responsIble for fallmg seabIrd
populatIons (Oakley and Kuletz 1996, Platt and Anderson 1996, Hayes and Kuletz
1997, Kuletz et al 1997, Anderson and Platt 1999) For example, pIgeon guillemot
numbers m PWS m 1978 to 1980 averaged about 40% hIgher than m the early 1990s,
and they declmed further through 1996 (Oakley and Kuletz 1996) The declme ill

abundance was accompamed by a declme m the occurrence of sand lance ill theIr
dIets, and It has been suggested that cause and effect relate the two Because sand
lance has a much hIgher fat content than the forage speCIes guillemots SWitched to,
such as pollock and blenmes, It IS nutrItIonally superIor (Anthony and Roby 1997,
Van Pelt et al 1997) In Kachemak Bay, sand lance was partIcularly abundant ill
dIets of guillemots nestIng m hIgh-densIty colomes ill the late-1990s, and chICks fed
predommantly sand lance grew faster than chIcks fed lower-quahty prey (PrIchard
1997) LikeWISe, reductIons m energy-dense capelm m the GOA and m dIets of
several specIes of seabIrd m the 1980s compared to the 1970s also have been hnked
to populatIon declmes (Piatt and Anderson 1996, Anderson and Platt 1999)

AddItIonal eVidence of pOSSIble clImate-medIated populatIon declme IS the
frequency and magmtude of large seabIrd dIe-offs m the past 2 decades Some of
these mvolved huge numbers of surface-feedmg specIes ill summer, partIcularly

114 PART II, CHAPTER 5



The black-legged kIttiwake and
common murre are the most

abundant, most WIdely
dlstnbuted, and best known

bIrdspecIes In the GOA

u

GULF ECOSYSTEM MONITORING AND RESEAROi PLAN

kIthwakes and shearwaters m the GOA and espeCially the Bermg Sea, durmg years
of strong El NIfio events, notably 1983 and 1997 (Nysewander and Trapp 1984,
Mendenhall1997) Others mvolved prmclpally murres m the GOA m wmter In
1993, on the order of 100,000 common murres starved to death, and m 1997, at least
tens of thousands suffered a slIDllar fate (platt and van Pelt 1993, Platt unpubhshed
data) Such acute mortahty, when added to the normal, or perhaps elevated,
attnbon suffered by Juvemle bIrds m recent years, could have sIgmfIcant
repercussIons on populabon SIZe As Platt and Anderson (PIatt and Anderson
1996) note, there was only 1 reported me-off of seabIrds m the general region before
1983, and that was m the Bermg Sea m 1970 (Bauey and Davenport 1972)

There IS no eVIdence that seabIrds m the GOA have been dIrectly affected by
commercIal fIshenes Most of the prey of seabIrds are not targeted, for example,
sand lance and capehn Adults of some prey speCIes are fIshed, such as pollock,
PacIfIc cod, and herrmg, but most seabIrds can feed only on the small age-O and
age-l fIsh of these large types and therefore do not compete WIth commercIal
fIshenes for bIOmass indIrect effects of commercIal fIShmg are pOSSIble If stock
SIZeS are affected by fIshmg and If stock SIZe mfluences the abundance of young age
classes of those speCIes or the abundance of other forage speCIes

5 9 2 Case Studies

A lot of mformabon has been collected on seabIrds m the GOA m the past
3 decades, although much of the data obtamed m the last 10 years has not yet been
pubhshed or even presented Therefore, the mtegrabon of all results mto a
composIte pIcture of seabIrd ecology IS not currently pOSSIble Nevertheless, good
mformabon IS available for some aspects of the bIOlogy of certam SpecIes at certam
SItes, and these examples can be used to give a general Idea of the status of seabIrds

and theIr senslbvlty to change m the
enVIronment Promment speCIes are the
black-legged kIthwake and common murre
They are among the most abundant and
WIdely dIStrIbuted seabIrds, nesbng at
hundreds of colomes from Southeastern
Alaska to Ummak Pass These attnbutes and
theIr ease of study have made them the best

known of all SpecIes m the GOA Informabon on trends m abundance,
producbVlty, and dIets of klthwakes and murres at severallocabons spans penods
of 1 to more than 4 decades Informabon on other specIes, notably fulmars and
puffms, at some colomes proVIdes addlbonal context

5 9 2 1 Middleton Island
The longest bIDe senes of rehable abundance esbIDates for seabIrds m the GOA

comes from MIddleton Island, where the fIrst count was made m 1956 (Rausch
1958) Between 1956 and 1974, the number of kIthwakes mcreased by an order of
magmtude, from about 14,000 to 144,000 bIrds (Baud and Gould 1986) That
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mcrease IS thought to have been made possIble by the 1964 earthquake, whIch
uplIfted large sectIons of MIddleton Island and created extensIve new nestIng
habItat Numbers of kIttIwakes remamed hIgh there throughout the 1970s, but
began to declme steadIly m the early 1980s from a peak of about 166,000 buds to
about 16,000 today (Hatch et al 1993, Hatch unpublIShed data)

The declme m abundance has been accompamed by generally low prodUCtIVIty
smce the early 1980s, averagmg Just 006 chIcks per parr between 1983 and 1999
(Table 5) Supplemental feedmg of kIttIwakes m recent years altered a vanety of
adult breedmg parameters sensItIve to food supply and mcreased SurvIVal of
chIcks, strongly supportIng the notIon that food 1ImItatIon has been the cause of
poor prodUCtIVIty and populatIon declme (Gill 1999, Gill and Hatch unpublIShed
data)
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Table 5. Trends in Kittiwake Abundance and Productivity at Colonies in the Gulf of Alaska

Population Average Production, Number of Colony
Colony(s) Trajectory 1983-2000 Colonies years

Gullisland1 Up 0.39 1 15

Prince William Sound2 Up 0.30 4 67

Barren Island3 Level 0.40 1 7

Prince William Sound- Level 0.13 22 372
Overall2

Prince William Sound2 Up-Down 0.14 5 94

Prince William Sound2 Level 0.15 2 34

Chiniak Bal Level 0.19 1 16

Semidi Islands3
.

4 Down 0.05 1 11

Chisik Island1 Down 0.06 1 9

Prince William Sound2 Down 0.04 11 177

Middleton Island4 Down 0.06 ?

1From J. Piatt (unpublished data)

2From D. Irons (unpublished data)

3From USFWS (unpublished data)

4From S. Hatch (unpublished data)

Table 5 needs to be explained fully by the author the first time it is cited in Section 5.9.2.1.
also the Table needs to label the three groups using the blank lines above each group, and a
distinction needs to be drawn among the four different PWS colonies and this distinction needs
to be explained in Section 5.9.2.1 the first time the Table is cited. Alternatively, the table and its
contents could be fully explained in the caption and footnotes.

The longest time series of abundance data for murres also comes from
Middleton Island. As with kittiwakes, the murre population increased by about an
order of magnitude following the 1964 earthquake, numbering 6,000 to 7,000
individuals by the mid-1970s. Also like kittiwakes, murre abundance at Middleton
Island was in decline by the end of the decade, falling to about 4,000 individuals by
1985. The population abruptly increased the following year to nearly 8,000 birds,
where it remained through 1988, rapidly declined again to about 2000 by 1992, and
has been more or less stable since (Hatch unpublished data). The cause of the
decline is thought to have been driven in part by the growth of vegetation that
hampers access of chicks to the sea once they leave the nest (Hatch unpublished
data), but the sharp increases and decreases during the course of the overall decline
argues for other controlling factors.

Glaucous-winged gulls also probably nested in comparatively small numbers
on Middleton Island before 1964, although no counts were made in the early years.
By 1973 there were fewer than 1,000 individuals and fewer than 2,000 a decade
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later However, m contrast to fmdmgs for murres and kttbwakes, the populatIon
ballooned to more than 12,000 bIrds between 1984 and 1993, and now totals about
11,000 (Hatch unpublIshed data) PredatIon by gulls on kttbwake and murre eggs
and clucks may have contrIbuted to the declmes of those speCIes (2001)

The abundance of rhmoceros auklets on MIddleton Island more than doubled
from about 1,800 to 4,100 burrows between 1978 and 1998 (Hatch unpublIshed
data) Although there are no hard data, It seems lIkely that few or no rhmoceros
auklets nested there before the earthquake because of a lack of habItat (Hatch
unpublIshed data) Therefore, the mcrease m rhmoceros auklet abundance mIght
be Just the result of an mcrease m the extent of neshng habItat as vegetatIon
covered uplIfted soils At St Lazana Island m Southeast Alaska, however,
rhmoceros auklet numbers nearly doubled durmg the 1990s (Byrd et al 1999),
mdIcahng that other factors are pOSSIbly mvolved

A lack of adequate data precludes fIrm conclusIOns about trends m abundance
of tufted puffIns, but It IS thought that they are mcreasmg m abundance on
MIddleton Island as well (Hatch unpublIshed data)

PelagiC cormorants are known to move between neshng areas Withm colomes
between years, therefore, census data are not necessanly as accurate for them as for
other chff-neshng speCIes of seabIrds The data show that numbers of neshng parrs
were comparatIvely stable at about 2,000 to 2,800 between the mId-1970s and mId
1980s The number of parrs was extremely volatile from 1985 to 1993, however,
rISmg and fallmg by as much as 700% between consecutIve years In 1993, pelagiC
cormorants numbered about 800 parrs, and have mcreased steadily smce then to
about 1,600 paIrs (Hatch unpublIshed data)

SeabIrds at MIddleton Island feed on a vanety of forage speCIes common
throughout the GOA (Hatch 1984, Hatch and Gill unpublIshed data) Early m the
neshng season kttbwakes typICally prey on extremely energy-dense myctopluds,
wluch are generally restrIcted m theIr dIStrIbutIon to deep-water regions off
conhnental shelves (WIlhs et al 1988, Sobolevsky et al 1996) Later they SWItch to
other, lIkely more accessIble, prey and feed ChICks pnmanly on sand lance,
although capelm and sablefISh are also Important m some years (Hatch and Gill
unpublIshed data)

RhInoceros auklets feed on numerous speCIes of fIShes, but seem to be sand
lance specralISts (Hatch 1984, Vermeer and Westrhelm 1984, Vermeer et al 1987)
At MIddleton Island, sand lance contrIbuted on average 62% of the bIOmass fed to
clucks m 11 years between 1978 and 2000 (Hatch unpublIShed data) In years of
apparent low abundance durmg the fIrst half of the 1990s, pmk salmon, capelm,
greenlmgs, and sablefISh replaced sand lance

Tufted puffIns at MIddleton Island feed theIr clucks predommantly sand lance
m years when sand lance are most abundant sand lance make up as much as 90%
of bIomass m peak years Tufted puffIns apparently SWItch to other prey sooner
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than rhinoceros auklets when sand lance is scarce. Alternative prey of tufted
puffins consists mainly of pollock and prowfish, with somewhat lesser amounts of
sablefish (Hatch unpublished data).

5.9.2.2 Prince William Sound
Twenty-three kittiwake colonies in PWS were first counted in 1972, but were

not counted again until 1984. These and an additional six colonies have been
visited nearly each year since (Irons 1996, Irons unpublished data). During this
time, long-term increases and decreases have been noted at various colonies, but no
obvious geographic pattern to the changes was found. Instead, four colonies have
grown to large size, and numerous smaller colonies have declined, with some
disappearing completely. Note to author: Are any of these colonies represented by
the four colonies in Table 5? Several other colonies first increased, then decreased,
and two have not changed appreciably. At least some of these changes likely
resulted from movements of adults between sites (Irons unpublished data). For
example, as the Icy Bay colony declined from about 2,400 birds in 1972 to fewer
than 100 by 2000, the nearby North Icy Bay colony grew from about 500 birds in
1972 to about 2,000 by the late 1990s. Overall, the total abundance of kittiwakes in
PWS has remained stable, or perhaps increased slightly, despite substantial
interannual variability; for example, decreasing by 45% between 1991 and 1993 and
increasing by 35% between 1999 and 2000.

Overall productivity likewise has been highly variable between years, but
generally has been much greater than at Middleton Island, averaging 0.13 chicks
per pair since 1984 (Table 5). Note to author: There are four values in Table 5 and
they do not average 0.13. Average productivity differed considerably between
colonies with different population trajectories, however (Table 5). The average
productivity of four colonies with increasing populations was twice that of two
stable colonies and five colonies that experienced matching increases and
decreases, while productivity at those was nearly four times as great as that at 11
declining colonies.

5.9.2.3 Lower Cook Inlet
Kittiwakes at Chisik Island in Lower Cook Inlet were first counted in 1971

(Snarski 1971), and the population appears to have fallen steadily since then. By
1978, the number of birds was down by about 40% and today it is just 25% of the
1971 total (Piatt unpublished data). The trend in murre abundance at Chisik Island
has paralleled that of kittiwakes, but the decline has been even steeper. The
population fell by more than half between 1971 and 1978, and today stands at just
about 10% of its former abundance. Kittiwake productivity has been poor in most
years, averaging just 0.06 chicks per pair (Table 5). Less is known about
productivity of murres, which has been estimated only since 1996. In that time, it
has been variable and averaged 0.56 chicks per pair (Table 6).
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Table 6 Trends In Murre Abundance and Productivity at Colonies In the Gulf
of Alaska

Population
Colony Trajectory

Gullislandl Up

Chlslk Island 1 Down

Barren Island 2 Up

Semldl Islands 2 3 Up

lFrom J Platt (unpublished data)

2From USFWS (unpublished data)

3From 5 Hatch (unpublished data)

Average Production,
1989-2000

052

056

073

048

Range

028-065

018-074

058-075

021-058

Colony
years

4

4

5

6

(
"'--- I

In contrast, Just across Cook Inlet at Gull Island m lower Kachemak Bay,
numbers of kIttIwakes and murres have mcreased substantIally smce counts were
fIrst made m 1976 The abundance of kIttIwakes more than doubled between the
nud-1970s and nud-1980s, peaked m 1988, and has averaged about 10% to 15%
lower through the 1990s (platt unpublIshed data) The growth m numbers of
murres was somewhat less abrupt, but more endurmg, WIth steady, exponentIal
growth of about 300% through 1999 ProductIVIty of kIttIwakes at Gull Island has
been much hIgher than at ChIsIk Island, and has been among the hIghest anywhere
m the GOA WIth comparable data (Table 5) ProductIvIty of mUITes at Gull Island
has been less vanable than at ChISlk Island, but has averaged essentIally the same,
052 chIck per adult (Table 6)

KIttIwakes were fIrst counted on the Barren Islands, at the mouth of Cook Inlet,
m 1977 The next counts m 1989 to 1991 were apparently comparable SystematIc
counts began m 1993 and have contInued smce It IS not known If the earher (1977
to 1991) and later (1993 to 1999) groups are comparable Wlthm-grOUP data
mdIcate that there was no apparent change m kIttIwake abundance durmg eIther
tIme penod LIkeWISe, there are two groups of counts for murres-7 counts
between 1975 and 1991 and 10 systematIc counts between 1991 and 1999 Counts m
the early part of the frrst mterval are not comparable to later counts m that mterval,
therefore, It IS not known whether murre numbers changed from the 1970s to the
late 1980s Smce 1989, however, the populatIon has steadIly grown by about 40%
(Roseneau unpubhshed data) KIttIwake prodUCtIVIty at the Barren Islands m the
1990s was as hIgh as at Gull Island (Table 5) Murre productIvIty smce 1995 has
averaged 0 73 chIck per parr, whIch IS hIgher than at eIther of the other colomes m
Lower Cook Inlet

KIttIwakes and murres at all three locatIons prey on a slllUlar swte of forage
fIShes, but the proportIon of each speaes m dIets vanes dependmg on therr relatIve
abundance Sand lance, capehn, and cods are the three most Important taxa of prey
(PIatt unpublIShed data, Roseneau unpublIshed data) Among the cods, the
proportIons of pollock, PacIfIc cod, and saffron cod vary by locatIon A vanety of
eVIdence from the Lower Cook Inlet regIOn mdlcates that populatIon trends of
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kittiwakes and murres at the three colonies are directly related to the abundance of
prey available to the birds (Kitaysky et al. 1999, Robards et al. 1999, Piatt
unpublished data, Roseneau unpublished data).

5.9.2.4 Kodiak Island
Of numerous seabird colonies on Kodiak Island, only the one at Chiniak Bay

has received much attention. Kittiwakes were first counted there in 1975 to 1977
and numbers were stable. They were next counted in 1984, by which time the
population had more than doubled. Numbers have since been variable, but
showed no significant changes until 1999, when they were about twice as great as
in 1997 to 1998. Kittiwake productivity at Chiniak Bay was very high for at least
2 years in the rnid-1970s (about 1 chick per nest), but was poor in the 1980s,
averaging just 0.11 chick per nest between 1983 and 1989. Productivity improved
in the 1990s, averaging 0.24 chick per nest, and has averaged 0.19 chick per nest
overall since 1983 (Table 5). This pattern of productivity contrasts with patterns
seen in PWS and at Gull Island. Note to the author: There are four different PWS
colonies in Table 5.

Kittiwakes at Chiniak Bay preyed primarily on sand lance and capelin in the
1970s. Variations in diet between years were correlated with variations in
productivity (Baird 1990).

5.9.2.5 Semidi Islands
Approximately 2,500,000 seabirds, or about a third of all the seabirds nesting in

the GOA, are found on the Semidi Islands, including about 10% of the kittiwakes,
half of the murres and horned puffins, and nearly all of the northern fulmars
(Hatch and Hatch 1983). Seabird studies on the Semidi Islands began in 1976 and
have continued in most years since. Most work has occurred at Chowiet Island,
which hosts on the order of 400,000 birds of at least 15 species, with the cliff-nesting
species-kittiwakes, murres, and fulmars-receiving the greatest attention.

The number of kittiwakes at Chowiet Island varied little through 1981,
although the number of nests grew by 60%. No counts were made in 1982 to 1988.
Kittiwake abundance in 1989 and 1990 had not changed, but it declined abruptly in
1991, and has averaged about 30% lower since. The number of kittiwake nests in
1989 had fallen back to the late 1970s level, where it has tended to remain (USFWS
unpublished data). Productivity of kittiwakes at Chowiet Island was generally
high between 1976 and 1981, averaging 0.43 chick per nest, with the highest level
(about 1 chick per nest) in 1981. Kittiwakes began failing to produce chicks at least
by 1983 (no data were obtained in 1982), however, and in 11 years between then
and 1998, the average productivity has been just 0.05 chick per nest (Table 5).
Accompanying the decline in abundance and collapse of productivity was a delay
of 9 days in the mean laying date in the 1990s compared to the 1970s and early
1980s. Poor productivity and delayed laying are both symptomatic of food stress.

Murre abundance on Chowiet Island was stable between 1977 and 1981.
Abundance was the same in 1989 when counts were next made, but in contrast to
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fmdmgs for ktttIwakes, the population has grown steadIly smce, standmg 30%
lugher by 1998 As for ktttIwakes, the mean laymg date of murres was about
10 days later m the 1990s than m the 1970s ProdUCtiVIty has not vaned apprecIably
between years, except m 1998 when It was very low The average prodUCtiVity
smce 1989 was 0 48 cluck per parr, or about the same as at ChISIk and Gull ISlands
(Table 6)

Trends m fulmar abundance, prodUCtiVity, and phenology through tlme
exlubited patterns sImllar to those of ktttIwakes and murres As With murres,
abundance has mcreased numbers of fulmars grew steadIly between 1976 and
1981, and generally contlnued that trajectory at least through the mId-1990s An
exceptionally low number recorded m 1998, the last year they were counted and
the only year smce 1995, may be an artlfact and not representative of the long-term
trend, or It may represent a real declme As WIth ktttIwakes, productiVity of
fulmars was lower m the 1980s and 1990s, averagmg Just 0 24 cluck per nest from
1983 through 1998, compared to an average of 052 cluck per nest from 1976
through 1981 In addItion, as found for both ktttIwakes and murres, the nestlng
phenology of fulmars was conspIcuously later m the 1990s than m the 1970s

Little IS dIrectly known about dIets of ktttIwakes and murres at the SemIdi
Islands, but based on dIets of rhmoceros auklets and tufted and horned puffms
there (Hatch 1984, Hatch and Sanger 1992), It can be assumed that the usual food
sources-sand lance, capelm, and pollock-are most Important These prey also are
sIgmfIcant for fulmars In general, the dIets of fulmars overlap extensIvely WIth
those of ktttIwakes and murres, although overall fulmar dIets are much more
vaned (Sanger 1987, Hatch 1993) For example, fulmars are noted for eatlng large
amounts of JellyfISh and offal and for feedmg JellyfISh to clucks

5 9 3 ConclUSions

SeabIrd populations at colomes m the GOA are very dynamIC, WIth numerous
examples of growth and declme durmg the past 3 decades

In spIte of consIderable uncertamty about the magmtude, a Widespread declme
m the abundance of murres m the GOA may have occurred smce the 1970s
Numbers are clearly down m such dIverse habItats as MIddleton Island, wluch hes
near the edge of the contlnental shelf and IS the most oceamc of all colomes m the
GOA, at ChISik Island, wluch IS arguably the most nentlc (nearshore) colony, and
apparently at several colomes along the south SIde of the Alaska Pemnsula Murre
numbers are not umformly down, however, they have mcreased dramatically at
Gull Island durmg the past 15 years and at the Barren Islands and the SemIdi
Islands durmg the past 10 years Although comparatively httle IS known about
murre productiVity, It has been essentially the same m recent years at the dechmng
colony on ChISIk Island as at the growmg colomes on Gull Island and the SemIdI
Islands At ChISIk Island, the rate of declme of the population equals the estlmated
adult mortahty-product1VIty seems to be suffICIent to mamtam numbers!! those
bIrds were recrmtlng to the population Therefore, recrmtment appears to have
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been lackIng, wluch could be explamed by poor SurvIval of bIrds reused there or by
emIgratIon to other colomes (pIatt personal comrnumcatIon) At Gull Island,
productIvIty and recruItment can account for only about half the rate of populatIon
growth, WIth lmrnlgratIon requIred to explam the other half

In most cases, local trends m the abundance of murres and kIttIwakes, hkely
reflect mesoscale or regIOnal processes affectIng prey availability For example,
dIfferences m populatIon trends of both specIes at Ouslk Island and Gull Island,
and dIfferences m productIVity of kIttIwakes between the lSlands, are related to
regIOnal vanatIons m the abundance of forage fIshes (Platt unpUblIShed data) The
SlIDllarity m murre prodUCtIvIty between colomes lS hkely explamed by flexIble
tIme budgets, wluch buffers them agaInst fluctuatIons m prey (Burger and Platt
1990, Zador and Platt 1999)

There lS not enough mformatIon to determme whether total kIttIwake
abundance m the GOA has changed one way or another Many examples of
growth, declme, and StaslS m mdiVIdual colomes are available, but there lS no
apparent broad geographIc pattern to the trends At the few colomes where both
kIttIwakes and murres have been momtored, abundances of the two specres tend to
track each other through tIme K1ttIwakes, along WIth murres, have declmed at
MIddleton Island and ChlSlk Island, and apparently mcreased, WIth murres, at Gull
Island The one exceptIon lS at Chowlet Island m the SemIW Islands, where
kIttIwakes decreased and murres mcreased Elsewhere, kIttIwakes have mcreased
at Chm1ak Bay on KodIak Island and remamed stable overall m PWS

There lS a strong correlatIon between populatIon trajectory and long-term
average productIVIty of kIttIwakes at many colomes Those colomes that are
mcreasmg m SIZe have the hIghest productIVity, those that are declmmg have the
lowest Colomes that show no change have mtermedlate levels There are vanous
mterpretatIons of such a relatIonshIp One lS that productIVity and subsequent
recruItment of young determmes abundance Another lS that kIttIwake abundance
and productIVity slIDply track changes m prey, that lS, m years of hIgh prey
abundance, more adults attend colomes and produce greater numbers of chIcks
than m years of low prey abundance There would not necessarily have to be any
other relatIonshIp between the two

There are COnspICUOUS temporal patterns of kIttIwake productIVIty at many
colomes dunng the past 17 years ProductIVity at colomes m PWS and at Gull
Island has vaned m tandem, WIth peaks and valleys at about 5-year mtervals hIgh
productIVIty m the mId- to late 1980s,low m the early 1990s, and hIgher agam after
1995 For most of the record, from the early 1980s through the mId-1990s, thIS
pattern was OpposIte that at Chm1ak Bay on KodIak Island, where productIVity
peaked m the early 1990s while It bottomed-out m PWS and at Gull Island
ProductIVity at the three locatIons tended to track together durmg the latter half of
the 1990s
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KIthwake productiVity and population trends m PWS are well-correlated
before 1991 and smce 1991, but the SIgn (posItive or negative) of the relationshIp
dxffers Before 1991, hIgh prodUCtiVIty was assocIated WIth low numbers of bIrds at
the colomes, but smce 1991, the relationshIp has been OpposIte A sImIlar sWItch
occurred at about the same tIme m the relationshIp between kxthwake prodUCtiVity
m PWS and the abundance of age-1 herrmg Such dIfferences m SIgn and behaVior
of relationshIps before and after the 1989-to-1990 regxme shIft have been pomted
out for kxthwakes m the Bermg Sea and for vanous other ecosystem components of
the North PacIfIc It has been suggested that the dIfferences reflect fundamental
changes m ecosystem processes (Sprmger 1998, Welch et al 1998, Hare and Mantua
2000)

The peaks and valleys m kxthwake produCtiVity m PWS have punctuated a
general declmmg trend durmg the longer term If productlvIty depends more on
prey abundance than on predation, then It seexns as though prey have tended to
declme throughout PWS m the past 17 years, notwIthstandmg apparent
oscillations

5 9 4 Future Directions

SeabIrds m the GOA are sensItive mdIcators of varIability m the abundance of
forage fIshes through time and space How well mformatIon from particular
specIes at particular colomes reflects broad patterns of ecosystem behaVIor m the
GOA remams to be seen The problem IS that nearly all of the colomes are sItuated
m habItats WIth dIStinct mesoscale or regxonal properties PWS IS a pnme example,
where colomes are located at the heads of fjords WIth and WIthOUt glaCIers, m bays
and on ISlands around the penmeter of the mam body of the sound, and on ISlands
m the center of the sound The Barren Islands and Gull Island are strongly
mfluenced by mtense upwellmg m Kennedy Entrance that greatly modIfIes local
phYSICal condItions and production processes waters m the relatively small regxon
are cold, nutnent-nch, and productive ChIsIk Island hes m the path of the outflow
of warm, nutrIent-poor water from Cook Inlet The SeInlW Islands he at the
downstream end of Shehkof StraIt and the center of dxstnbutIon of spawmng
pollock m the GOA

Thus, there are vanous trends m abundance of kxthwakes at the numerous
colomes m PWS Trends m abundance of kxthwakes and murres at the Barren
Islands and Gull Island are OpposIte those at neIghbormg ChISIk Island, and
patterns of kxthwake productiVity at Gull Island and ChImak Bay are OpposIte of
each other Only MIddleton Island, whIch SIts ISolated near the edge of the
continental shelf and the Alaska Stream, and SItes on or near the coast of the Alaska
Pemnsula west of KodIak Island, whIch he m the flow of the Alaska Coastal
Current, seem to have the potential to represent gulf-WIde vanability
unencumbered by possIbly confusmg smaller-scale featlIres

On the other hand, there IS reason for optlmIsm that broad-scale vanabIhty IS
mdeed expressed m seabIrd bIology In SpIte of a WIde vanety of local habItat
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charactenstIcs and populatIon trends of kIttIwakes at the many colomes ill PWS,
and large dIfferences ill average long-term prodUCtIVIty among colomes With
dIffermg abundance trends, a common temporal pattern of prOductIvIty has been
shared by almost all colomes Concordant, clearly defmed peaks and valleys have
been observed at about 5-year mtervals A sound-wIde envIronmental SIgnal has
propagated through the kIttIwakes regardless of theIr locatIon or status

Moreover, the SIgnal captured by kIttIwakes m PWS and expressed m patterns
of prodUCtIVity was also captured by kIttIwakes at Gull Island, lIDplymg that they
may not be as ecolOgically separated as one mIght assume considermg theIr
geographIc distance and characterIstIcs of theIr enVIronments And further
expandmg the spatIal dImensIOn, the temporal pattern of sand lance abundance m
the VIClIDty of Middleton Island durmg the past 15 years, as revealed by Its
occurrence m dIets of rhmoceros auklets and tufted puffms there, matches closely
the patterns of kIttIwake prodUCtIvIty m PWS and at Gull Island Although a long
geograplucal stretch, It mIght not be such a long ecolOgical stretch when VIewed
broadly, at the GOA scale, rather than m a regional geograpluc and ecolOgical
context And fmally, the kIttIwakes at ChmIak Bay also seemed to be attuned to
thIS same SIgnal, notwithstandmg the fact that It apparently led to OppOSIte
behaVIOr m the local system for some of the tIme One thmg that IS farrly certam of
IS that the temporal and spatIal patterns m varIOUS components of seabIrd bIOlogy
exlubited m the GOA do reflect underlymg patterns ill food-web productIon and
ecosystem processes Because of the range of oceanograpluc SItuatIons
surroundmg the vanous colomes, detailed mformatIon from them should prove
valuable m buIldmg a compOSIte VIew of ecosystem behaVior m the GOA

A vanety of approaches to developmg a long-term momtormg program m the
GOA mIght work, but the framework that has evolved over the past 3 decades
already has proved useful In-depth work IS occurrmg or has occurred m many
years smce the 1970s at well-placed locatIons throughout the GOA These locatIons
mclude St Lazana Island and Forrester Island m Southeast Alaska, Middleton
Island, many colomes m PWS, ChISIk Island, Gull Island, and the Barren Islands ill

Lower Cook Inlet, KodIak Island, the SemIdI Islands, and AIktak Island on the
south SIde of Ummak Pass Colomes at these locatIons share several well-known,
tractable specIes that prOVIde complementary VIews of the ecosystem, partIcularly
If they are systematIcally explOIted for theIr contrIbutIons Just as mformatIon from
each of these colomes will help buIld a compOSIte broad View of the GOA,
mformatIon from several SpecIes of seabIrds at each colony will help buIld a
compOSIte regional VIew of ecosystem behaVior

Therefore, the most popular SpeCIes should contInue to be the mam focus
These are kIttIwakes and murres, the specIes m the GOA WIth the lughest
combmed score of abundance, distrIbutIon, and ease of study Elements of theIr
bIOlogy are sensItIve to vanability m prey, as seen m the GOA and numerous
places elsewhere m the North PacIfIc and North AtlantIc
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Kittiwakes and murres do not do some things as well as second-tier species,
namely the puffins. Comparatively little is known about population trends of
puffins, despite the fact that they are among the most abundant and widespread of
the seabirds in the GOA. This lack of knowledge results because they nest
underground. However, puffins have been used to monitor trends in forage fish
abundance at numerous colonies throughout the GOA, Aleutian Islands, and
British Columbia (Hatch 1984, Vermeer and Westrheim 1984, Hatch and Sanger
1992, Hatch unpublished data, Piatt unpublished data). Diets of the three species of
puffins overlap extensively, but each samples the environment somewhat
differently: variability in diets among the puffins, locations, and time reveals
geographic patterns of forage fish community structure and fluctuations in the
abundances of individual species. Puffins return whole, fresh prey to their chicks,
a behavior that provides an economical, efficient means of measuring various
attributes of forage fish populations, such as individual growth rates within and
between years and relative year-class strength.

Third-tier species, the cormorants, guillemots, and storm-petrels, also have
attributes that can provide additional useful information. Cormorant and
guillemot diets overlap extensively with those of kittiwakes, murres, and puffins,
but the cormorants and guillemots sample prey much nearer to colonies and
sample additional species not used by the others. Storm-petrels, in contrast, range
widely and sample oceanic prey not commonly consumed by any other species. In
combination, the diets, abundance, and productivity of the various species of
seabirds provide information on prey at multiple spatial scales around colonies. In
situations when this information can be easily obtained, it should not be
overlooked.

A successful strategy for seabird monitoring will balance breadth (geographic
and ecological) with intensity (how much is done at each site). On the one hand, it
is important to select a sufficient number of sites to adequately represent a range of
environmental conditions in mesoscale and macroscale dimensions. On the other
hand, studies must be thorough at each colony. Simply comparing population
trends of one or two species may give uncertain, possibly misleading information
on underlying conditions of the environment. Without additional information on
such things as survival, emigration, recruitment, diet, and physiological condition
of the birds, conclusions about causes of population change, or about what
population change is saying about the environment versus what productivity is
saying, are elusive.

Another need for a long-term monitoring plan is knowledge about when
reliable time series begin. For example, several estimates of murre abundance at
colonies in the GOA from the 1970s are likely not comparable to more recent
systematic counts (Erikson 1995, Roseneau unpublished data). Inappropriate
comparisons could result in erroneous conclusions about population changes that
might further lead to unsupported speculation concerning broader trends in
ecosystem change. This (this what? please clarify)is nicely illustrated by census
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data from the western Alaska Penmsula If taken at face value, the mformabon
mdIcates that dechnes m the abundance of murres have been parbcularly severe at
colomes from the Shumagm Islands westward to Ummak Pass However, the
trend data for two of the colomes, BIrd Island and Unga Island, COnsISt of smgle
counts made m each of 2 years at both colomes The fIrst counts m 1973 were made
m nud-June, wluch IS early m the nesbng season when murre numbers are unstable
at colomes and often much lugher than later durmg the census penod (Hatch and
Hatch 1989) At another of the colomes, Atktak Island, the eVIdence of dechne IS

based on a smgle count of nearly 13,000 bIrds m 1980, the fIrst year a census of the
colony was performed (Byrd et al 1999) Smgle counts m 1982, 1989, and 1990
ranged between 175 and about 8,000 bIrds And, the lower boundary of the 90%
confIdence mterval about the mean of mulbple counts m 1998 was less than zero,
and the upper boundary was nearly as great as the fIrst count m 1980 One must
therefore ask If the murre populabon has mdeed changed at all over the long term
at Atktak Island, or at the other colomes m the regIOn where smular uncertamty
eXISts, and If so how much

In spIte of such caveats, mformabon gamed from seabIrds m the past 3 decades
reveals a great deal about the nature of vanability m the GOA We can be certam
that the perpetuabon and refInement of seabIrd StudIes will conbnue to provIde
InsIghts and hypotheses useful to the broader goal of understandmg the GOA
ecosystem

Cnbtcal Informabon Needs

• Conbnumg mformabon on producbVIty, populabon trends, and dIets of
seabIrds m the GOA,

• Informabon on the annual SUrvIVal of seabIrds at nesbng colomes,

• Informabon on rates of lffiffilgrabon and enugrabon between colomes,

• Informabon on funcbonal relabonslups between seabIrd abundance,
behaVIor, and producbVIty and prey avaIlability, and

• Informabon on funcbonal relabonslups between elements of food web
producbon at all tropluc levels and enVIronmental vanability

5 9 5 General Research Questions

What IS the relabon between abundance of seabIrd populabons and the
avaIlability of forage speCIes, mcludmg fISh?

• Are alterabons m forage fISh abundance and commumty structure brought
on by enVIronmental change capable of controllmg seabIrd populabons?

• Do local trends m the abundance of mUITes and kItbwakes reflect
mesoscale or regional chmabc and oceanograpluc processes affecbng prey
avaIlability?
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• How can mfluences of prey avaIlability on seabIrd abundance be separated
from the mfluences of mesoscale or regIOnal propertIes umque to the
locatIon of the colony, such the presence of glacIers?

What IS the relatIon between commerCIal fIShmg and the abundance of seabIrd
populatIons?

5 10 1 Introduction510 Fish and
Shellfish The GOA IS well known for Its fISh and

shellftsh because of Its long-standmg and hIghly
valuable commerCIal and recreatIonal fIShenes

(Table 1) Less well known are the non-commerclal fISh and mvertebrate SpecIes
that compose the bulk of the anImal bIOmass m the GOA As a rule, the
economIcally Important speCIes are faIrly well known from trawl, trap, and hook
catches made by research and commerCIal vessels (Cooney 1986, MartIn 1997a,
WItherell 1999a, Kruse et al 2000a) By the same rule, the maJonty of fISh and
shellftsh specIes are less well known, havrng been sampled dunng research
mvestIgatIons of lImIted duratIon (Feder and Jewett 1986, Rogers et al 1986,
HIghsmIth et al 1994a, Purcell et al 2000, Rooper and Haldorson) SpecIes not
commerCIally harvested are less well studIed than commerCIally harvested specIes,
such as Tanner crab For example, because no commerCIal fIShenes are allowed for
such forage fIShes as eulachon, sand lance, capelm, and lantern fISh, the
fluctuatIons of theIr populatIons are not well documented More detaIled
consIderatIon of some of the less economIcally Important, but more ecolOgIcally
promment forage speCIes IS found m SectIon 5 8 Forage SpeCIes, and some of the
less common shellftsh specres are consIdered m SectIon 5 7 Nearshore BenthIc
CommunItIes

(

~

The marIne fISh and shellfISh of the GOA fall mto two major groups (Feder and
Jewett 1986, Rogers et al 1986, Cooney 1986, Cooney 1986, MartIn 1997b)

G

1 FISh-bony fISh, sharks, skates, and rays,

2 Shellftsh-the mollusks (bIvalves mcludmg scallops, sqUId and octopus),
and Crustaceans-crabs and shrImp

Note that three other ecologIcally Important groups, the pelagIC JellyfISh
(Cmdana), the bottom dwellmg starfISh and urchIns (Echmodennata), and the
segmented wonns (Annehda) are not mcluded m the category of the fISh and
shellftsh A Itst of all the SCIentIfIc names and many common names of the specres
acceSSIble to trawl gear on the contInental shelf and shelf break of the GOA IS
found m AppendIx A

As would be expected WIth hIgh marme productIVIty, the fISh and shellbsh
fIShenes of the GOA have been among the world's nchest m the second half of the
20th century Major fIShenes mclude, or have mcluded, hahbut, groundftsh (Pacrftc
cod, pollock, sablefISh, PacIfIc ocean perch and other rockfISh, flatfISh such as soles
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G and flounders), PacIftc hernng, multIple SpecIes of Pandahd shnmp and red kIng
crab, fIve speaes of PacIftc salmon, scallops, and other mvertebrates (Kruse et al
2000a, WItherell and Knnball2000, Cooney 1986) The status of major fIshenes and
stocks of mterest are addressed m the subsectIons below

5 10 2 Overview of Fish

Most of the approxImately 287 known GOA fIsh specIes are bony fIsh, and the
largest number of specIes IS m the scu1pm famIly (Cothdae), followed m order of
number of specIes by the snaIlfIsh famIly (Cycloptendae), the rockfIsh famIly
(Scorpaemdae) and the flatfIsh famIly (pleuronectIdae) (Tables 7 and 8) (Cooney
1986) The bony fIsh dommate the number of specIes m the GOA, With less than
10% of specIes bemg cartIlagmous fIshes (petromyzontIdae to AClpensendae, Table
7) SpecIes dIverSIty m the fIsh depends on the type of gear used to sample (Table
7) It IS Important to keep m mId that trawl gear surveys are not desIgned or
mtended to estImate specIes dIverSIty A comparISon of the known fIsh specIes
compOSItIon (Table 7, left two columns) to the specIes compOSItIon m the
predommant types of trawl gear surveys (Table 7, nght two columns) shows that
trawl gear samples underestImate the fIsh specIes dIverSIty of the GOA (Cooney
1986) The longest standmg trawl gear surveys for the GOA are lImIted to the
contInental shelf and the shelf break (to 500 m pnor to 1999 and to 1,000 m
thereafter) The NMFS has measured relatIve abundance and dIstrIbutIon of the
prmClpal groundfIsh and commeraally Important mvertebrate specIes (MartIn
1997b), and before 1980, the InternatIonal PacIftc Hahbut COmmISSIOn (IPHC)
collected mformatIon on the abundance, dIstrIbutIon and age structure of hahbut
(FIgure 18) Hook and hne surveys for PacIftc hahbut, sablefIsh, rockfIsh, and
Paanc cod on the contInental shelf m the GOA have been conducted by the IPHC
smce 1962 (Clark et al )

FIGURE 18

FIGURE NOT YET PREPARED (after MartIn D H Pages 4 and 5)

(j
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Table 7 Fish Families and the Approximate Number of Genera and Species
Reported from the Gulf of Alaska

Quast and Hall1 Miscellaneous Surveys2

Family Number of Number of Number of Number of
Genera Species Genera Species

PetromyzontJdae 2 3

Hexanchldae 1 1

Lammdae 2 2

Carcharhlmdae 1 1

Squahdae 2 2 1 1

RaJldae 1 7 1 4

AClpensendae 1 2

Clupeldae 2 2 1 1

Salmomdae 6 12 1 3

Osmendae 5 6 5 6

Bathylagldae 1 4

OplsthoproctJdae 1 1

Gonostomatldae 2 4

Melanostomlldae 1 1

~ Chauhodontldae 1 1
I

Alepocephahdae 1 1"'--./
Anotoptendae 1 1

Scopelarchldae 1 1

Myctophldae 7 10

Onelrodldae 1 3

Mondae 1 1

Gadidae 5 5 5 5

Ophldlldae 2 2

Zoarcldae 6 11 4 7

Macroundae 1 3 1 1

Scomberesocldae 1 1 1 1

Melamphaldae 3 3

Zeldae 1 1

Lampndae 1 1

Trachlptendae 1 1

Gasterosteldae 2 2

Scorpaemdae 2 22 2 30

Hexagrammldae 3 6 3 5

AnoplopomatJdae 2 2 1 1

CottJdae 30 54 15 24

U
PsychrolutJdae 1 1
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~--,/ Table 7 Fish Families and the ApprOXimate Number of Genera and Species
Reported from the Gulf of Alaska

Quast and Hall1 Miscellaneous Surveys2

Family
Number of Number of Number of Number of

Genera Species Genera Species

Agomdae 8 12 8 9

Cycloptendae 12 38 5 7

Bramldae 1 1

Pentacerobdae 1 1

Sphyracmdae 1 1

Tnchodonbdae 2 2 1 1

Bathymastendae 2 4 2 2

Anarhlchadldae 1 1 1 1

Sbchaeldae 10 15 4 6

PbhchthYldae 1 1

Phohdldae 2 4

Scytahmdae 1 1

zaprondae 1 1 1

Ammodytldae 1 1 1

Scombndae 2 2

0 Centrolophldae 1 1

Bothldae 1 1

Pleuronecbdae 15 17 15 16

Cryptacanthodldae3 2 2 2 2

Totals 167 287 84 138

Sources Hood and Zimmerman 1986 (after Ronholt Shippen and Brown 1978)

1After Quast and Hall (1972)

2Gulf of Alaska exploratory BCF IPHC and NNIFS trawl survey data

3Quast and Hall (1972) Include these genera and species In the family Sbchaeldae while Hart
(1973) recogmzes a separate family

c
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Table 8 Proportion of the Total Species ComposItion of Gulf of Alaska Fish
Fauna Contributed by the 10 Dommant Fish Families m Two Different Surveys

Famlly1
Percentage of

Famlly2
Percentage of

Total Fish Species Total Fish Species

CottJdae 19 Scorpaemdae 10

Cycloptendae 13 Cottldae 8

Scorpaemdae 8 Pleuronectldae 6

Pleuronecttdae 6 Agomdae 3

Sttchaeldae 5 Zoarcldae 2

Salmomdae 4 Cycloptendae 2

Agomdae 4 Stlchaeldae 2

Zoancldae 4 Osmendae 2

Myctophldae 3 Gadidae 2

RaJldae 2 Hexagrammldae 2

Total 68 39

Source Hood and Zimmerman 1986

1From Quast and Hall (1972)

2From GOA exploratory cruises and resource assessment surveys

(

U
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On the basIS of the bIOmass available to trawl gear on the contInental shelf and
shelf break, flatfISh and rockfISh donunate the fISh fauna m most areas of the GOA
As of 1996, a flatfISh specIes, arrowtooth flounder, donunated the overall trawl
survey of the fISh bIOmass m the GOA, followed by PacIfIc ocean perch (rockfISh),
walleye pollock (gadId), PacIfIc halIbut (flatfISh), and PacIfIc cod (gadId) (Martm
1997a) BIOmass of the arrowtooth flounder IS approachmg 2 mIllion mt, and Its
bIOmass has been steadily mcreasmg smce 1977 (WItherell 1999a) Of the next 15
largest bIOmasses of specIes m the 1996 NMFS survey, 6 were flatfISh and 5 were
rockfISh

Table 9 Comparison of the Number of Fish Families and Species Found at
less than 100 m m Different Regions of the GOA

~~~ ~

Lower Cook Inlet 25

Pnnce Wilham Sound 18

Southeast Alaska Na

Location Number of Families Number of Species

101

105

72

51

\ J

--------

Informabon summanzed from Rogers et al (1986)

Na- not available

GeographIc dIStrIbutIons of GOA fISh bIOmass m the NMFS trawl surveys are
dIfferent from the overall total In the western GOA, Atka mackeral
(HexagrammId) had the hIghest bIOmass m the Shumagm Islands, but thIs speCIes
was not among the 20 largest bIOmasses of speCIes m the four other INPFC areas of
the GOA Arrowtooth flounder donunate the trawl survey bIOmass throughout the
GOA They are the most or second most abundant m all fIve areas FlatfISh and
espeCIally soles comprISe a large number of hIgh-bIOmass speaes m the western
and northwestern GOA (Shumagm Islands, Chmkof, and KodIak), and rockfISh
have a large number of hIgh-bIOmass speCIes m the northeastern and eastern GOA
(Yakutat and Southeast) Pollock and cod are a donunant part of the bIOmass m the
western GOA, but less so m the east PacIfIc sleeper sharks are among the 20
largest bIOmasses of speaes m the north (Chmkof, KodIak, and Yakutat), but not m
the south (Shumagm Islands and Southeast) The only anadromous speCIes, the
eulachon, occurs among the 20 largest bIOmasses m the north, but not m the south

WIth the use of a varIety of gear types, mcludmg trawl net, try net, trammel
net, beach seme, and tow net m waters less than 100 m, Rogers et al (1986)
proVIded a detailed Image of the dIStrIbutIon of fISh speCIes and bIOmass WIth
depth and by regIOn As was the case for the 1996 NMFS trawl surveys, speCIes
compOSItIon and relatIve bIOmass of fISh speCIes m mUltI-gear surveys change
substantIally m movmg from the nearshore toward offshore areas m the GOA, as
well as from one region to the next The fIndmgs of the multIple gear surveys were
consIStent WIth the trawl survey observatIons m that shallow (smaller than 100 m)
fISh assemblages were more dIverse m the north and west of the GOA than m the
northeast and east (Table 9 m companson to Table 7)
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Other trends m dIStrIbutIon correspond to reproductIon and seasonal changes
m shallow waters m some speCies of nearshore fIshes Estuanne bays m the Kodiak
archIpelago are nursery areas, with larvae and JUvemles bemg found m nearshore
and pelagiC habitats wlthm bays (Rogers et al 1986) Blackburn (1979 m [Rogers et
al 1986]) found a trend of larger fISh With mcreasmg depth m studies of Ugak Bay
and Ahtak Bay on Kodiak Island Most speCies of nearshore fISh apparently move
to deeper water m the wmter In Lower Cook Inlet and Southeast Alaska, Juvemles
and other smaller SIZe classes of the speCies of local fISh assemblages are found
close to shore, water temperatures perffilttlng, and larger SIZe classes are found
farther offshore at depths greater than 30 m at all tImes of the year

Nearshore areas of the GOA proVide rearmg envIronments for the Juvemles of
many fISh species Important nursery grounds for Juvenile flatfIShes, such as soles
and PacIfIc hahbut, are found m waters of Kachemak Bay and other waters of
Lower Cook Inlet, as well as m ChImak Bay on Kodiak Island (Norcross 1998) In
Kachemak Bay, summer habitats of some Juvemle flatfIShes are shallower than
wmter habitats Juvenile flatfISh dIStributIons m coastal waters are defIned by
substrate type, typICally mud and mud-sand, and by depth, typically 10 to 80 m,
and m the case of Chlillak Bay, by temperature Deep-water and shallow-water
assemblages were IdentIfIed for the groundfISh commumtIes m both Kachemak
and Chmlak bays, however, the hffiltlng depths were dIfferent for the se two
locahtIes (Norcross 1998, Mueter and Norcross 1999)

Both salmon and groundflSh populatIons m the northeastern PacIfIc appear to
vary annually m concert With features of chmate, but the responses appear to be
dIfferent (FrancIS et al 1998) Annual groundfISh recl1lltments follow a cycle With a
roughly 10-year perIod that may be related to the ENSO (Hollowed and Wooster
1992), whereas salmon abundance changes sharply at mtervals of 20 to 25 years m
concert With the PDO (Brodeur et al 1996) The ENSO and the PDO were shown to
be mdependent of one another (Mantua et al 1997) The OppOSIte responses of
groundflSh and salmon (pOSItIve) and crab (negatIve) recrUItment to mtensIfIed
AleutIan lows may be because dIfferent speCIes-specIfIc mechanISms are mvoked
by the same weather pattern Because the groundfISh speCies deSCrIbed by
Hollowed and Wooster (1992, 1995) were mostly wmter spawners, Zheng and
Kruse (2000b) hypotheSIZe that strengthened AleutIan lows mcrease advectIon of
eggs and larvae of groundhsh toward onshore nursery areas, lffiprovrng Survival
Salmon, on the other hand, benefit from mcreased productIon of prey Items under
mtense lows The pOSSIble hnks between AleutIan lows, PDOs, and ENSO and
populatIons of fISh and other anlIDals are dIScussed further below and m a recent
reView paper (FrancIS et al 1998)

5.10.1.1 Salmon
The GOA IS the crossroads of the world for PacIfIc salmon Salmon from Japan,

RUSSIa, all of Alaska, BrItIsh Columbia, and the PacIfiC Northwest spend part of
each hfe cycle m the GOA (Myers et al 2000) Five speCies of salmon-pmk, chum,
sockeye, coho and ChInook-are very common m the GOA These speCies appear m
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the GOA as early as the frrst year of hie (all pmk, chum, and ocean type chmook
and some sockeye), however, others may appear durmg the second (all coho and
stream-type Chmook and most sockeye) and rarely durmg the thud or later years
(some sockeye) (see (Groot and Margohs 1991) EcolOgIcally, the salmon specIes
may be dIvIded mto two broad groups, marme plankhvores (pmk, chum, and
sockeye) and marme pIsclVores (coho and chmook) Further ecologIcal
dIfferenhahon IS apparent WIthIn plankhvores For example, the SIZe groups of
plankton consumed by chum and sockeye are mferred to be qUIte dIfferent, because
chum use short stubby gill rakers to separate food from water, and sockeye have
long feathery gill rakers as filters

DlstrIbuhon WIthIn the GOA changes WIth hIDe after marme entry (Nagasawa
2000), as salmon dISperse among coastal feedmg grounds accordmg to specIes and
stock, age, SIZe, feedmg behavIOr, food preferences, and other factors (Myers et al
2000) Durrng the fIrst year of marme hie, salmon are located m estuanes, bays,
and coastal areas WIthIn the ACC and conhnental shelf (Myers et al 2000) WIth
hme and growth, frrst-year salmon move farther away from theIr nver of ongm
and father offshore Frrst-year salmon move out of the ACC mto colder waters m
fall and wrnter of therr fIrst year at sea

Salmon of all ages are thought to exhIbIt seasonal nugrahons m sprmg and fall
between onshore and offshore marme areas In the fall, salmon of all ages move
offshore to spend the wmter rn waters between 4°C and 8° C that are relahvely
poor m food, perhaps as an energy conservahon strategy for survIvrng the wmter
(Nagasawa 2000) In the sprrng, salmon move onshore rnto waters that may reach
15° C where food sources are relahvely abundant

Salmon populahons overall are at very hIgh levels m Alaska, WIth the notable
excephons of western Alaska chum and chmook populahons ongrnahng m
dramages between Norton Sound m the north and the KuskokWIm RIver, west of
BrIStol Bay (ADF&G 1998) On Norton Sound, the chum salmon populahons of the
Penny and Cnpple nvers have exhIbIted very low to zero spawnmg stocks m the
past 5 years Another notable excephon to the record hIgh levels of Alaska salmon
produchon are the KVIchak RIver sockeye populahons of BrIStol Bay, whIch have
faltered Some"off-peak cycle" brood years have recently failed to produce as
expected (Kruse et al 2000b)

The sItuahon rn Western Alaska notwIthstandrng, the 1999 commerCIal harvest
of 404,000 mt of salmon rn Alaska was the second largest rn recorded hIStory
behmd 1995 (451,000 mt) (Kruse et al 2000b) A large porhon of the record
harvests rn 1999 was pmk salmon from areas adjacent to the GOA, PWS, and
Southeast Alaska The status of salmon populahons and fIshenes m the followmg
areas were recently evaluated m tenns of levels of harvest and spawnmg
escapements areas comCIdent WIth habItats m the north central GOA of the Stellar
sea hon, whIch IS hsted as an endangered speCIes under the Endangered SpeCIes
Act of 1973 (ESA), KodIak, the Alaska Pemnsula, and Bnstol Bay All major
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commercIal salmon stocks were JUdged to be healthy, WIth the excephon of the
Kvtchak River off-cycle brood years (Kruse et al 2000b)

GIVen that manne ffilgrahon patterns of each stock are thought to be
charactenshc and somewhat umque (Myers et al 2000), the contrast rn the status of
salmon stocks between Western and Southcentral and Southeast Alaska offers
some rntngurng research queshons about the role of marrne processes rn salmon
produchon (Cooney 1984) Understandrng the processes that connect salmon
produchon to chmate, marrne food produchon, and ftshrng requrres understandrng
of the marrne pathways of the salmon through hIDe (BeamISh et al 1999b)
Therefore, research approaches to understandrng changes rn salmon abundance on
annual and decadal scales need to encompass localthes that are representahve of
the full lIfe cycle of the salmon and, rn partIcular, rn estuanne and manne
envrronments ScIentIfIc rnformahon on freshwater localthes IS far more common
than that aVailable for estuarrne and manne areas GIven the current state of
rnformahon on both hatchery and wild salmon, It IS hIghly desrrable to focus
current and future efforts on estuanes and marrne areas for understandrng
ffilgratory pathways and other habItats, phySIological rndicators of rndIvtdual
health, trophIc dynaffilcs, and the forcrng effects of weather and oceanographIc
processes (Brodeur et al 2000)

5.101.2 PaCific Hernng
PacIfIC herrrng (herrrng) populahons (Funk 2000) occur rn the northeast GOA,

WIth commercIal concentrahons rn Southeast Alaska (SItka), PWS, western Lower
Cook Inlet, and occasIOnally around KodIak Most of the hIStoncal rnformahon on
herrrng rn the GOA comes from coastal manne ftshenes that started rn Alaska rn
1878 (Kruse et al 2000b), however, rntensive ecolOgical rnveshgahons at the end of
the 20th century have added rnformahon on early lIfe hIStory (Norcross et al 1999)
Herrrng deposIt eggs onto vegetahon rn the rnterhdal and near subhdal waters rn
late sprrng, undergo a penod of larval drIft, and spend the frrst summer and wrnter
nearshore rn sheltered embayments Transport of larvae by currents rn relahon to
SItes that are SUItable summer feedrng and overwrntenng grounds IS ltkely an
Important factor affeChng survIVal rn the frrst year of lIfe rn PWS (Norcross et al
1999), as IS the nutrihonal status of these age-O herrrng rn the fall of the year (Foy
and Paul 1999) Some pomon of the mature hernng must ffilgrate annually
between onshore spawnrng grounds and offshore feedrng grounds, however, the
geography of the lIfe cycle between spawnrng and maturahon IS less certarn

Although the geographIc scope of the hernng lIfe cycle rn the Berrng Sea IS
farrly well understood, rnferences from the Berrng Sea to the GOA are not drrect
because of apparent dIfferences rn lIfe hIstory strategIes between the herrrng of the
two regions (Funk 2000) Adult herrrng rn the GOA are smaller and have shorter
lIfe spans than those rn the Benng Sea Perhaps GOA herrrng ffilgrate shorter
distances to food sources that are not as nch as those avatlable to Benng Sea
herrrng, whIch ffilgrate long dIStances from spawnrng to feed among the nch food
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sources of the contmental shelf break (Funk 2000) GenetIc analyses mmcate that
Bermg Sea and GOA herrmg populatIons are reproductIvely ISolated (Funk 2000)

Another ecologically sigrufIcant characterIStIc of PacIfIc herrmg IS the temporal
change m SIZe at age over tIme (Brown 2000) Annual devIatIons from long-term
(1927 to 1998) mean length at age for SItka Sound herrmg mmcate a decadal-scale
oscillatIon between pOSItIve and negatIve deViatIons Tlus fmdmg IS consIStent
With the reported comCldence of slZe-at-age data for PaCIfIc herrmg With the PDO
(Ware 1991) Herrmg may be affected by ENSO events Decreased catches,
reCruItments, and weight-at-age of herrmg are at tImes assocIated With ENSO
events SeabIrds m the GOA that depend on herrmg and other pelagic forage
specIes showed wIdespread mortalItIes and breedmg faIlures durmg the ENSO
events of 1983 and 1993 (Bailey et al 1995b) The sImIlantIes between the annual
patterns of abundance and the locatIon of weather systems (annual geographIcally
averaged sea-level atmospherIc pressure) are not as clear WIth herrmg as for other
fISh speCIes, such as salmon The dIfference may result because herrmg
populatIons tend to be dommated by the occasIOnal strong year class and show
consIderable vanability m landmgs through the years

The current status of herrmg populatIons may be closely related to hIStOrIcal
fIShmg patterns Long-term changes assocIated WIth commercIal fIShmg have
occurred m the apparent geographIc dIStrIbutIon and abundance of GOA herrmg
Herrmg-reductIon fISherIes (oil and meal) from 1878 to 1967 reached a peak harvest
of 142,000 mt m 1934 That explOItatIon rates were hIgh may be mferred from the
fact that some locatIons of major herrmg-reductIon fISherIes, such as SeldOVia Bay
(KenaI Penmsula and Lower Cook Inlet) are now deVOId of herrmg It IS speculated
that reductIon fISherIes at geographIc bottlenecks between herrmg spawnmg and
feedmg grounds, such as the entrance to SeldOVia Bay and the passes of
southwestern PWS, were able to apply very hIgh explOItatIon rates to the adult
populatIon Harvest management apphed by the State of Alaska rehes on bIOmass
estImates, and harvests are held to a small fractIon of the estImated bIOmass
Harvest IS not allowed untIl the populatIon estImate rISes above a mmIffium or
"threshold" bIOmass level

Recent statewIde herrmg harvests have averaged less than a thIrd of the 1934
peak DIrect comparISon of past and present catch statIStIcs IS problematIc,
however, because current rates of harvest are thought to be substantIally below
those apphed m 1934 (Kruse et al 2000b) Also note that recent statewIde fIgures
for herrmg harvests mclude substantIal harvests from outsIde the GOA, and
herrmg-reductIon fISherIes were located m the GOA PopulatIons of herrmg were
targeted for sac roe startmg m the 1970s and for sac roe and roe on kelp m the
1980s Regional herrmg populatIon status IS vanable PopulatIon levels of herrmg
m PWS remamed at low levels m 2000, and commercIal harvests were not allowed
m 1994,1995, and 1996, nor smce 1998 In 1999, fIShmg operatIons were halted
because of low bIOmass and poor reCruItment DISease IS strongly suspected as a
factor m keepmg the populatIon levels low The herrmg fIShery of Lower Cook
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Inlet m Kanushak Bay closed m 1999 after a very small catch m 1998 and remams
closed because of low bIomass levels Catches m the KodIak fIshery for herrmg sac
roe are declmmg The baIt fIshery m ShelIkof StraIt was closed m 1999 because of
Its possIble relatIon to depressed KamIshak Bay herrmg populatIons

SIgrufIcant questIons remam about the geographIc extent of the stocks to whIch
the bIOmass estImates and fIshmg explOItatIon rates may apply m PWS (Norcross et
al 1999) The geomorphology of PWS m relatIon to currents plays an Important
role m determInillg the retentIon of larvae m nearshore areas conducIve to growth
and survIval The degree to whIch spawnmg aggregatIons of herrmg may
represent mdlVIdual stocks IS a sIgrufIcant questIon, because the actual explOItatIon
rate of herrmg m PWS depends on how many stocks are defIned Although It IS
not clear how many stocks of herrmg occupy PWS, condItIons appear to favor more
than one spawnmg stock (Norcross et al 1999)

Water temperatures appear to play Important roles m growth and SUrvIVal of
age-O herrmg Warm summer water temperatures may be conduave to growth
and SurvIval, however, the OppOSIte appears to be true of warm water
temperatures m sprmg and wmter Increased metabohc demands Imposed by
warm water on yolk-sac larvae and overwmtermg age-O herrmg could decrease
SurvIval (Norcross et al 1999) AvaIlability of food before wmter, and perhaps
durmg wmter may be key to SurvIval of age-O herrmg Input of food from the GOA
may be an Important key to SurvIval for age-O herrmg at some 10cahtIes
DIfferentIal survIval among nursery areas because of mterannual vanatIon m
chmate and accessIbility of GOA food sources could be a key determmant of year
class strength m PWS The sources of vanability mean that geographIc locahty IS
no guarantee of any partIcular level of SUrvIval from year to year Samphng whole
body energy content of age-O herrmg at the end of the fIrst wmter among bays
could prOVIde an mdIcator of year class strength (Norcross et al 1999)

QuestIons relatIng to the ability of dISease outbreaks to control herrmg
populatIons have recently been explored Work has IdentIfIed the dISeases, VIral
HemorrhagIc SeptIcemIa and a fungus as factors potentIally hmItIng the abundance
of herrmg m PWS (Hostettler et al 2000, Crane and Galasso 1999)

5.10 1 3 Pollock
Pollock are an ecolOgIcally dommant and economIcally Important cod-lIke fIsh

m the GOA They appear to spawn at the same locatIons WIthm the same marme
areas each year, WIth locatIon of spawnmg and mIgratIons of adults hnked to
patterns of larval dnft and locatIons of feedmg grounds (BaIley et al 1999)
Spawnmg occurs at depths of 100 to 400 m, and as a result, the dIStrIbutIons of eggs
and larvae m some areas may have been well below the depths of hIStOrIcal
Ichthyoplankton surveys Pollock larvae feed on early developmental stages of
copepods and, as JuvenIles, move on to feed on larger zooplankton such as
euphausnds and small fIshes, mcludmg pollock Although canmbalISm IS regarded
as sIgrufIcant m the Bermg Sea, It IS not thought to be a sIgrufIcant factor m the
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GOA Pollock eggs and larvae are nnportant sources of food for other
zooplankters, and year class strength m pollock IS thought to be related abundances
of marme mammals and seabIrds, at least m the Bermg Sea

Pollock mature at about age 4 and may hve as long as 20 years (BaIley et al
1999) Adult walleye pollock are dIStnbuted throughout the GOA at depths above
500 m A substantIal portIon (45%) of the total pollock bIOmass as well as the
lughest catches per umt effort (CPUEs) of the 1996 NMFS survey were found at less
than 200 m m the area between KodIak and Clunkof ISlands (MartIn 1997a) In the
western GOA, the lughest pollock catches and CPUEs of the 1996 NMFS trawl
survey were found at less than 200 m, whereas m Yakutat and Southeast Alaska the
substantIal avaIlability of pollock to trawl gear persISts above 300 m Pollock larger
than 30 cm were rarely found above 200 m m the eastern GOA m 1996 (Yakutat and
Southeast), although pollock of all SIZeS (about 10 to 70 cm) were found at all
depths down to 500 m m the western GOA (MartIn 1997a) Although pollock are
commonly found m the outer contInental shelf and slope, they may also be found
m nearshore areas where they may be nnportant predators and prey, for example,
m PWS (Willette et al m press)

PopulatIons of pollock m the GOA are consIdered to be separate from those m
the Bermg Sea (Bailey et al 1999) Among the most commercIally nnportant of the
GOA groundfISh specIes, explOItable blomasses of pollock populatIons m 1999

(- were eStlmated at 738,000 mt, down from a peak of about 3 mIlhon mt ill 1982U (WItherell 1999b) Annual numbers of 2-year-old pollock entermg the fIShable
populatIon (recruItment) from 198 to 1987 were erratIc and usually lower than
reCruItments estlmated m 1977 to 1980

Followmg the clImatIc regnne sluft m 1978, pollock and other cod-hke fISh have
dramatIcally mcreased, replacmg shrImp m nearshore waters as the dommant
group of organISms caught m mId-water trawls on the shelf (platt and Anderson
1996) ReCruItment m pollock IS heavily mfluenced by oceanograpluc condItIons
expenenced by the eggs and larvae Good condItIons for JUvenIles of the 1976 and
1978 year class contnbuted to the 1982 peak m pollock bIOmass m the GOA (BaIley
et al 1999) PopulatIons have gradually dechned smce then (WItherell 1999b)
Increasmg mortalIty schedules m 1986 to 1991 may mdIcate mcreasmg predatIon
and detenoratIng phySIcal condItIons for both JuvenIles and adults m the GOA
(Bailey et al 1999) The larger-than-average year class for GOA Pollock m 1988
may be related to lugh rates of Juvenile growth comcrdent WIth warm water
temperatures, lack of wmds, low predator abundance, and low larval mortahty
rates (BaIley et al 1996) As has been shown to be the case WIth other groundfISh
specIes, GOA pollock recruItments are posItIvely correlated WIth ENSO events
(BaIley et al 1995b)

Issues m the management of pollock that currently remam unresolved mclude
the geograpluc boundanes of stocks, theIr extent of mIgratIon, the effects of fIShmg
m one geograpluc locale on the populatIons of pollock and predators mother

I geograpluc locales, and what controls the annual recrwtment of young pollock to
-j
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the ftshable populabons (Bailey et al 1999) In relabon to stock structure, spawmng
aggregabons m PWS, the Shumagm Islands (southwest Kodtak), and ShelIkof StraIt
(separabng KodIak from the Alaska Penmsula) may represent separate stocks
Condibons of weather and changmg ocean currents and eddies m the ShelIkof
StraIt have the capacIty to alter SurvIVal of pollock larvae from year to year (Bailey
et al 1995a) In parbcu1ar, the effects of shIfts m the strength of the ACC on larval
transport pose Important quesbons for how year class strength IS determmed In
1996, anomalous relaxabon of wmds resulted m a dramabc mcrease m larval
retenbon m the ShelIkof basm Increased larval retenbon may be favorable to
SUrvIVal of pollock larvae m thIS area, WIth some excepbons (Bailey et al 1999)

5.10.1 4 Pacific Cod
PacIfIc cod IS a groundftsh With demersal eggs and larvae found throughout the

GOA on the contmental shelf and shelf break PacIfIc cod of the GOA are also an
economIcally and ecolOgically Important specIes PacIfIc cod had an esbmated
ftshable populabon of 648,000 mt m 1999, whIch IS on the low end of the range of
600,000 to 950,000 mt esbmated for 1978 to 1999 Annual recrwtments of GOA
PacIfIc cod have been relabvely stable smce 1978, With excepbonally large numbers
of 3-year-old recruIts appearmg m 1980 and 1998 BIOmass of the dommant flatftsh
m the GOA, the arrowtooth flounder, IS approachIng 2 millIon mt Arrowtooth
flounder IS not heavily harvested, and therr bIOmass has been steadily mcreasmg
smce1977

PacIfIc cod are found throughout the GOA at depths less than 500 m They are
most abundant m the western GOA (KOdIak, Chmkof and Shumagm Islands)
where PacIfIc cod larger than 30 cm are found at all depths above 300 m, but
smaller mdIVlduals are rarely found at depths less than 100 m (Marbn 1997a)

5.10.1 5 Halibut
PacIfIC halIbut are common throughout the GOA at depths less than 400 m, and

halIbut are available to trawl gear at depths of 500 m (Marbn 1997a) In the 1996
NMFS trawl survey, the largest catches and the hIghest CPUE were found at depths
of less than 100 m east southeast of Kodiak on the Albatross Banks (FIgure 18) In
most areas of the GOA, the average weIght and length of halIbut caught m trawl
gear mcreases WIth depth, even though the CPUE declmes WIth depth, parbcularly
m the western GOA (Shumagm Islands, ChInkof, and Kodiak) (Marbn 1997a)

The explOItable bIOmass of another flatftsh, the hIghly prIZed PacIfIc halIbut, m
1999 was esbmated at 258,000 mt, WhICh IS above average for 1974 to 1999
(Witherell1999b) ExplOItable bIOmass of PacIfIc halIbut was also mcreasmg from
1974 to 1988, after whIch It declmed shghtly

PacIfIc halIbut appear to undergo decadal-scale changes m recruItment, whIch
have been correlated WIth both the 18 6-year cycle for lunar nodal bde (parker et al
1995) and the PDO
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Shellftsh are commonly found on or near the surface of the sea floor, they are
epibentluc, as adults, and m the water column, pelagIc, for varymg lengths of tIme
as pre-adults Exceptions to this rule abound, particularly among mollusks such as
sqUId, which hve free of the bottom as adults Beyond the nearshore enVIronment
(at depths greater than 25 m), the shellftsh and other mvertebrates dommate the
number of speCIes and the bIomass of the bottom, Just as other assemblages of
mvertebrates dommate the nearshore (see Section 5 7) Among the shellftsh, the
arthropods and mollusks often have the largest number of speCIes For example, of
287 speCIes of bottom fauna IdentIfted m waters deeper than 25 m m Lower Cook
Inlet, more than 67% were arthropods and mollusks (Feder and Jewett 1986) Many
of the commercIally Important speCIes of the GOA are dependent for food to a
greater or lesser extent on bentluc mvertebrates dIScussed here (Commercially
Important crabs and shrImp are dIScussed below) CommerCIal crabs and shrImps,
and scallops, Jom the fISh speCIes of PacIfIc cod, walleye pollock, hahbut, and
PacIfIc Ocean perch as members of the subtidal bentluc food web for part of each
lIfe cycle Detntus, bactena, and IDlcroalgae form the base for the benthIC
mvertebrates of the GOA continental shelf, which are predommantIy fIlter feeders
(60%), and detntus eaters (33%) (Semenov 1965 m [Feder and Jewett 1986]) Small
mollusks, small crustaceans, polychaete annehds, and other worm-hke
mvertebrates make up the fIlter-feedmg and detnvore component of this food web

RegIonal dIfferences are pronounced m the bentluc food webs of the GOA The
eastern GOA has few fIlter feeders and lower average bIOmasS relative to the
northern and western GOA, m large part because of the nature of substrates and
currents In particular the bentluc specIes compOSItion and prodUCtiVIty m the
GOA IS determIned m part by the ACC, particularly m the embayments and ~ords

(Feder and Jewett 1986) The ACC brmgs freshwater to the enVIronments
contammg the pelagIc shellftsh larvae and heavy sedIment loads that defIne the
bottom habItats of the later stages of the lIfe cycle BIomass of fIlter feeders on the
continental shelf m the western Gulf (138 grams per square meter [g/m2]) IS far
higher than that found m the northeastern or eastern GOA combmed (33 2 g/m2)

Biomasses of detrItus feeders m the western (31 g/m2) and eastern (12 g/m2) GOA
are lower than those found m the northeastern GOA (43 g/m2) BlOmasses of all
trophic groups on the shelf break are lower than those of the adjacent shelf The
dIStnbutIon of benthIC mvertebrates m the GOA attests to the Vahdity of the
hypothesIS that the type of bottom sedIment, as mfluenced by proxlIDlty to allUVial
mputs and currents, determmes the SpecIes compOSItion, production, and
productIvitIes of bentluc commumtIes (Semenov 1965 m (Feder and Jewett 1986)
SedIment SIZe IS dommant among the factors controllmg the dIstrIbution of bentluc
speCIes (Feder and Jewett 1986)

5.102.1 Crab
The prmcipal commercIal crab specIes m the GOA are the kmg crabs

(Paraltthodes spp ), the tanner crab (Ollonoecetes barrdt), and the Dungeness crab
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(Cancer magl-ster) All speCIes have bentluc adults and pelagIc larvae, although the
Me hIstory strategIes vary substantIally WIthIn and among specIes For example,
the pelagIc stages of the red long crab are herbIvorous, those of the tanner crab are
CarnIVorous, and those of the golden long crab do not feed untIl they
metamorphose mto the bentluc stages The bentluc stages of all crab specIes feed to
a large extent on the less well known mvertebrates of the benthIc envrronments
(Feder and Paul 1980a, Jewett and Feder 1983, Feder and Jewett 1986) discussed
bnefly above under the shellfIsh overvIew

The status of crab populatIons IS relatIvely poor m companson to the
grOundfISh populatIons (Kruse et al 2000a) Crab catches m the GOA have shown
sharp changes WIth tIme, perhaps mdIcatIve of sensItIvIty to clImatIc forcmg m
some specIes, to fIShmg, or a to combmatIon of factors (Zheng and Kruse 2000b)
The red kmg crab stock of the GOA collapsed m the early 1980s and currently
shows no SIgns of recovery The tanner crab populatIons m PWS, Cook Wet,
KodIak, and the Alaska Penmsula have declmed to low levels m the early 1990s,
and harvest levels have been sharply reduced (Kruse et al 2000b)

In a study of tIme-senes data on recrUltInent for 15 crab stocks m the Bermg
Sea, AleutIan Islands, and GOA, tIme trends m 7 of 15 crab stocks are sIgmfIcantly
correlated WIth tIme senes of the strength of AleutIan Low clImate regImes (Zheng
and Kruse 2000a) Time trends m recrmtInents among some long crab stocks were
correlated over broad geographIc regIons, suggestIng a sIgmfIcant role of
envrronmental forcmg m regulatIon of populatIon numbers for these specIes The
mcreased ocean productIVity assoaated WIth the mtense AleutIan Low and warmer
temperatures was mversely related to recrmtInent for 7 of the 15 crab stocks The
seven sIgmfIcantly negatIve correlatIons between ocean prodUCtIVity and crab
recrmtInent were from Bnstol Bay, Cook Wet ,and the GOA Crab stocks declmed
as the AleutIan Low mtensIfIed A sIgmfIcant mverse relatIon between the brood
strength of red long crab and AleutIan Low mtensity was reported earher for one of
the stocks m tlus study, red long crab from BrIStol Bay (Tyler and Kruse 1996)

Tyler and Kruse (1996, 1997) and (Zheng and Kruse 2000a) have artIculated an
exphcIt senes of hypotheses lmkmg features of phySIcal and geolOgIcal
oceanography to the reproductIve and developmental bIology of red long and
tanner crab The hypotheses explam observed relatIons between clImate and
recrmtInent Tanner and red long crab m the Benng Sea are thought to respond
dIfferently to the phYSICal factors asSOCIated WIth the AleutIan Low because of the
dIStnbutIon of the dIfferent types of sea bottom reqUIred by the post-planktomc
stage of each specIes SUltable bottom habItat for red long crabs m the Bermg Sea IS
more generally nearshore, whereas sUltable bottom habItat for tanner crab IS
offshore Intense AleutIan Low condItIons favor surface currents that carry or hold
planktomc crab larvae onshore, whereas weak AleutIan Low condItIons favor
surface currents that move larvae offshore The process may not be specIes specIfIc,
but stock specIfIc, dependmg on the locatIon of sUltable settlmg habItat m relatIon
to the prevaIlmg currents In the case of red long crab, Zheng and Kruse (2000b)
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C--.-J explam the apparent paradox of lowered recruItment for red kIng crab durmg
penods of mcreased pnrnary prodUCtiVIty Red kIng crab eat dIatoms, but show a
preference for dIatoms sIrnl1ar to ThalasslOslra spp , whIch dommate III years of
weak lows and stable water columns Strong lows contrIbute to well-nuxed water
columns and a dIVerse assemblage of pnrnary producers, whIch may be
unfavorable for red kIng crab larvae, but favorable for tanner crab larvae Tanner
crab larvae eat copepods, whIch are favored by the hIgher temperatures assocIated
WIth mtense lows

Recently completed modelrng studIes (Rosenkrantz 1999) support clImatic
vanables as determmants of reCruItment success m tanner crab Predommant wIlld
dIrection and temperature of bottom water were strongly related to strength of
tanner crab year classes III the Bermg Sea Northeast wrnds are thought to set up
ocean transport processes that promote year-elass strength by carrymg the larvae
toward SUItable habItat Elevated bottom-water temperatures were expected to
augment the effect of northeast wmd by mcreasmg survIVal of newly hatched
larvae (Rosenkrantz 1999)

5.10.2.2 ShTimp
The shnmp were once among the dommant benthIc epIfauna m Lower Cook

Inlet and KodIak and along the Alaska Penmsula (Anderson and Platt 1999, Feder
and Jewett 1986) and of substantial commerCIal Importance m the GOA FIve
speCIes of Pandahd shnmp dommated the commerCIal catches, whIch occurred
west of 1440 W longItude III PWS, Cook Inlet, KodIak and along the Alaska
Penmsula (Kruse et al 2000b) ShrImp fIshenes m the GOA peaked at 67,000 rnt rn
1973, reached 59,000 mt m 1977, and declrned thereafter to the pomt where shrImp
fIshrng IS VIrtually noneXIStent III the GOA today

RegIOnal fIShenes follow the pattern seen for the GOA as a whole The trawl
fIshery for northern shnmp (pandalus boreaits) m Lower Cook Inlet peaked at
2,800 mt III 1980 to 1981 and was closed III 1987 to 1988 The fIshery for northern
and sIdestnped shnmp (P dlspar) along the outer KenaI Penmsula peaked at 888 mt
m 1984 to 1985 and closed m 1997 to 1998 The pot fIshery for spot (P plahJceros)
and coonstrlped shnmp (P hypsmotus) III PWS mcreased rapIdly after 1978 to Its
peak harvest of 132 rnt III 1986 ThIS pot fIshery then declrned to Its low of 8 mt m
1991 and has been closed smce 1992 The trawl shrImp fIshery for northern shrImp
m PWS peaked at 586 mt m 1984 and SWItched to sIdestrlped shrImp m 1987 The
PWS trawl fIshery for sIdestnped shnmp peaked at 89 mt m 1992, and the northern
shrImp catch was VIrtually zero at thIs tIme The PWS catch of sIdestnped shrImp
m 1999 was 29 mt and fallrng The KodIak trawl fIShery for northern shrImp
peaked at 37,265 mt III 1971, and catch thereafter declrned to 3 mt III 1997 to 1998
In the Aleutian Islands, shrImp catches after the 1978 season declrned preCIpItously,
and the fIshery has not rebounded smce
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5 10 3 General Research Questions

The followmg general research quesbons summarIZe the sCIenbfIc quesbons
posed or suggested by Secbon 5 10

How can trends m abundance of fIsh and shellfIsh SpecIes be explamed?

• What IS the role of large-scale atmosphenc forcmg m controllmg the
structure and abundance of manne fIsh and shellfIsh communtbes m the
western central GOA ecosystem?

Does large-scale atmosphenc forcmg control the qualIty of food
avaIlable to larval fIsh and shellfIsh through Its mfluence on the speCIes
composIbon and SIZe dIStrIbubon of pnmary producers?

How do the rates of reCruItment of benthIc antmals WIth planktomc
larvae respond to mechamsms of transport that may control the
dIStnbubon of larvae relabve to smtable bottom habItat?

I

\'---.-./

How do the rates of recrmtment of fIsh specIes WIth planktomc larvae
respond to mechamsms of transport that may control the dIstrIbubon of
larvae relabve to smtable Juvemle reanng habItat?

• Are fIsh speCIes that spawn m the wmter favored by penods of early peak
producbon, and specIes that spawn m the spnng and summer favored by
penods of delayed producbon?

• What lIfe hIStory strategtes penmt the arrowtooth flounder to be so
WIdespread and abundant?

How well are the specIes composIbon, relabve abundances and trophIc
structure of fIsh and shellfIsh commumbes understood, based on current samplmg
methods?

What are the underlymg mechamsms whereby clImate mduces changes m
producbVlty, and whereby fIshmg mduces vanabons m the ocean producbon of
salmon?

• How can salmon stocks be IdenbfIed?

• What are the ecolOgIcal processes m the ocean that control producbvIty of
salmon?

• What are the mterannual varlabons m ocean growth, dIStrIbubon, and
mIgratory bmmg of salmon stocks?

• What are the annual levels of ocean producbon of salmon m the North
PacIfIc and by regton of ongtn?
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5 111 General Characteristics of the GOA
5.11 Marine Mammals Marme Mammal Fauna

The GOA has a mostly temperate marme
mammal fauna CalkIns (1986) proVIded the only preVIously pubhshed reVIew of
GOA marme mammals, and hsted 26 SpecIes as occurrmg m the regIOn FIve of
those (pilot whale, RIsso's dolphm, nght whale dolphm, whIte sIded dolphm, and
CalIforrua sea hon) are pnmarIly southern specIes that occur occasIOnally m
Southeast Alaska but rarely, If at all, m the EVOS regIOn He also hsted the PacIfIc
walrus, whIch IS a subarctIc specIes that occurs m the GOA only as occasIonal
wanderers

Table 10 provIdes a summary of the general characterIStIcs of 20 marme
mammal specIes that occur regularly m the GEM regIOn, mcludmg 7 baleen whales,
8 toothed whales and pOrpOISes, 4 pmmpeds, and the sea otter Useful reVIews of
mformatIon on these SpecIes can be found m Lentfer (1988), Calkms (1986), Perry et
al (1999), Forney et al (2000), and Ferrero et al (2000) Vanous aspects of marme
mammal bIOlogy are descrIbed m detail m Reynolds and Rommel (1999)
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Table 10 Summary of Charactenstlcs of Manne Mammal Species That Occur Regularly m the GOA EVOS Area

Species shown In bold are those that have been selected as focal species for GEM

Use of GUlf of Alaska by SpecIes PopulatIon Status Management Classification

SpecIes Residence Habltats1 Actlvltles2 Abundance3 Trend EVOS MMPA ESA

Mystlcetes

Blue whale seasonal S D F small? unknown depleted endangered

Fin whale seasonal S D F medium? unknown depleted endangered

Sel whale seasonal S D F medium? unknown depleted endangered

Humpback whale seasonal C S D F medium Increasing depleted endangered

Gray whale seasonal CS M F? large Increasing

Right whale seasonal S F small unknown depleted endangered

Minke whale resident? CS F C B? medium? unknown

Odontocetes

Sperm whale seasonal? SO F large? unknown depleted endangered

KIller whale resident C,S,O F,C, B small unknown damaged

Beluga whale resident C,S F,C,B small declining? depleted

Beaked whale4 resident? S D F C B unknown unknown

Dall s porpoise resident S D F C B large unknown

Harbor porpoise resIdent CS F C B large unknown

Pmmpeds

Steller sea lion resident T,C,S,O F,C,B large declining depleted endangered

Northem fur seal seasonal S D M F large stable depleted

Harbor seal resident T,C,S F,C,B large declining damaged

Elephant seal seasonal S D F large increasing

Mustelids

Sea otter resident T,C,S F,C, B large unknown damaged

1 T =terrestrial C =coastal S =continental shelf D =deep water
2 F =feeding M =migrating C =calving/pupping B =breeding
3 small =<1 000 medium =1 000-10 000 large =>10 000
4 Probably Includes at least 3 species Baird s beaked whale Cuvler's beaked whale and Benng Sea beaked whale

3
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Most of the manne mammal specIes shown m Table 10 are WIdely dIstnbuted
m the North PaCIfIC Ocean, and the arumals that mhabit the GEM regIOn represent
only part of the total populatIon ApphcatIon of modern molecular genetIcs
technIques, however, has provIded much new mformatIon on populatIon
struchlres (DIZon et al 1997) Researchers have found that for specIes such as killer
whales (Hoelzel et al 1998), beluga whales (O'Corry-Crowe and Lowry 1997),
(BICkham et al 1996), harbor seals (Westlake and O'Corry-Crowe 1997), and sea
otters (Scnbner et al 1997), genetIc exchange among adjacent and sometlmes
overlappmg groups of anImals IS so low that they need to be managed as separate
stocks

TaxonomIcally the GOA marme mammal fauna can be broken down mto four
major groups

•

•

•

•

MystIcete cetaceans-baleen whales,

Odontocete cetaceans-toothed whales,

Pmrnpeds-seals, sea hons, and fur seals, and

Mustehds-sea otters

G

The baleen whales are pnmanly summer seasonal VISItors to the GOA that
come to the contInental shelf and offshore waters to feed on zooplankton and small
schoohng fIShes (Calkms 1986, Perry et al 1999) Breedmg and calvmg occur m
more southerly, warmer, regIOns The GOA IS pnmarily a mIgratIon route for the
gray whale, whIch breeds and calves m Baja CalIforrna, MeXICO, and has Its pnmary
feedmg grounds m the northern Bermg and ChukchI seas Jones et al 1984

The large specIes of baleen whales were all greatly reduced by commercIal
over-explOltatIon (perry et al 1999) HIstoncal mfonnatIon on stock structure and
abundance IS very hmIted, and, partly because of theIr broad dIStnbutIons,
accurately assessmg current abundance and populatIon trend IS generally dIffIcult
(Ferrero et al 2000) Humpback whales and gray whales are exceptIons to that
generalIzatIon For humpbacks, estImates of populatIon SIZe based on mdIVldual
IdenhfIcatIons from fluke photos (CalambokIdIS et al 1997) suggest that the central
North PaCIfIC stock IS mcreasmg (Ferrero et al 2000) For many years, systematIc
counts have been made of gray whales mIgratIng along the CalIforrna coast, and
results mdicate that smce the 1960s the populatIon has been mcreasmg by 2 5% per
year (BreIwick 1999)

The SItuatIon With sperm whales IS much lIke that of the large baleen whales
Many feahlres of theIr basIC bIology, such as stock struchlre, dIstnbutIon,
mIgratory patterns, and feedmg ecology, are poorly known They occur
throughout the North PaCIfIC, mostly m deep water south of 500 N latItude, but
some are seen m the northern GOA at least m summer (CalkIns 1986, Perry et al
1999) From what IS known of theIr diet, spenn whales eat mostly deep-water
fIShes and sqUIds North PacIfIc spenn whales were mtensely harvested, With more
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than 250,000 ktlled durmg 1947 to 1987 (perry et al 1999) Current abundance and
populatIon trend are complete unknowns

In contrast to the baleen whales and sperm whale, the smaller toothed whales
are pnmanly resIdent m the GOA Very httle IS known about the bIOlogy of
beaked whales, but the other specIes have been relatIvely well studIed Two
speCIes, ktller whales and beluga whales, have been selected as focal speCIes for
GEM and are dIScussed m detail m later sectIons Harbor porpoISeS and Dall's

porpoISes both have relatIvely large populatIons, and WIth the exceptIon of
mCIdental take m commercIal fIshenes, they are unlIkely to have been sIgmfIcantly
Impacted by human actIVItIes (Ferrero et al 2000) Both speCIes feed on small fIshes
and sqUIds, WIth Dall's porpOISes usmg mostly contInental shelf and slope areas
and harbor porpOISes most common m coastal and contInental shelf waters
(Calkms 1986)

The two reSIdent pmrnped specIes, Steller sea hons and harbor seals, are both
focal specIes for GEM and will be dIScussed later m thIS sectIon Northern fur seals
pup and breed on ISlands m the Bermg Sea (pnbIlof Islands and Bogoslof Island)
A portIon of the populatIon mIgrates through the GEM region on Its way to and
from theIr rookenes Adult fur seals may feed m the GOA durmg mIgratIon and
wmter months, and non-breedmg anImals may feed m the area year-round Small
fIShes and sqUIds are the prImary foods of fur seals (Calkms 1986) HIStoncally,
northern fur seals were depleted by commeroal harvests, but the populatIon IS
now large, numbenng about 1 millIon ammals, and currently stable (Ferrero et al
2000) Northern elephant seals pup and breed at rookenes m CalIforma and
MexIco After breedmg, adult males go to the GOA to feed on deep-water fIshes
and cephalopods (Stewart 1997) The northern elephant seal populatIon was
greatly depleted by harvestIng, but It IS currently large and growmg (Forney et al
2000)

The sea otter IS a focal speCIes for GEM and IS dIScussed later m thIS sectIon

As a group marme mammals are managed and protected by domestIc
legISlatIon and mternatIonal treatIes that generally do not apply to other marme
speCIes (Baur et al 1999) (see Table 10) Early protectIve efforts were m response to
the need to hmIt commercIal harvests and to reduce theIr Impacts on dechnmg and
depleted populatIons The North PacIfIc Fur Seal ConventIon, agreed to m 1911,
prOVIded protectIon to both fur seals and sea otters In 1946, the InternatIonal
ConventIon for the RegulatIon of Whalmg began to manage harvests of large
whales, and It prOVIded progresSIve protectIon to stocks as they became over
explOIted The ESA prOVIdes protectIon to marme mammals (and other specIes)
that may be m danger of extInctIon because of human actIVItIes The SEA also
allows protectIon of "cntIcal habItat" needed by those speCIes All speCIes of
marme mammals are covered by the Marme Mammal ProtectIon Act (MMPA),
whIch became federal law m 1972 Pnmary objectIves of the MMPA are to
"mamtam the health and stability of the marme ecosystem," and for each manne
mammal speoes to "obtam an optImum sustamable populatIon keepmg m mmd
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the carrymg capaCIty of the habItat" ProvISIons of the MMPA put a moratonum
on all"takmg" of marme mammals, WIth exceptions allowed for subsIStence
huntIng by Alaska Natives, SCIentIfIc research, pubhc dISplay, commercIal fIshmg,
and certam other human actIvItIes, subject to restnctIons and permIttIng SpecIes
determmed to be below theIr IIoptImum sustamable populatIon" level, and those
lISted as threatened or endangered under prOVISIOns of the ESA, are lISted as
depleted under the MMPA and may be gIVen addItional protection Certam
specIes of manne mammals were determmed to have been damaged by the EVOS,
and therefore have been subjects of EVOS restoratIon actIvItIes

Another umque aspect of marme mammal management IS the strong
mvolvement of Alaska NatIves m the process Alaska NatIves have formed a
number of groups that represent theIr mterests m research, management,
conservatIon, and tradItIonal subSIStence uses of marme mammals Groups
espeCially relevant to the EVOS GOA region mclude the Alaska NatIve Harbor Seal
COmmISSIon (ANHSC), the Alaska Sea Otter and Steller Sea Lion COmmISSIon, and
the Cook Inlet Manne Mammal CouncIl The ANHSC has been partIcularly actIve
m the EVOS region, and has receIved funds from the Trustee CouncIl to conduct a
blOsamphng program m PWS and the GOA, and to contnbute mformatIon about
the dIStrIbutIon, abundance, and health of seals Congress has recognIZed the
benefIts of mvolvmg Alaska NatIves m marme mammal management, and has
mcluded provISIOns for co-management programs (Alaska NatIve orgarnzatIons
workmg as partners With federal management agenCIes) m the 1994 amendments to
theMMPA

As will be dIScussed m detaIl m the followmg sectIons, some marme mammal
populatIons have declmed m the GOA (and elsewhere m Alaska) m recent years
In general, the causes of those dechnes are unclear, but there has been speculatIon
that they may be m some way related to the chmactIc regime shIft that occurred m
the region The eVIdence supportIng such a connection IS the temporal comCIdence
of the shIft to a warmer regIme, whIch happened m the mId-1970s, and the dechne
of harbor seals and Steller sea hons that has occurred m the 1970s through the
1990s

The NatIonal Research CouncIl (NRC) reVIewed eVidence for a hnkage between
chmate and marme mammal dechnes as part of theIr effort to explarn changes that
have occurred m recent years m the Bermg Sea (NRC 1996) They found data that
showed some hkely negatIve effects of cold weather on northern fur seal pups
(Tntes 1990) and a strong mfluence of warm El NIfio conditIons on CalIforma sea
hons (TrillmIch and Ono 1991) Because most GOA manne mammals have broad
ranges that mclude waters much warmer than the GOA, It IS unhkely that a
warmer regIme has had any drrect negatIve effect on theIr reproductIon or SurvIval
The warmer conditions, however, have resulted m changes m fIsh and mvertebrate
populatIons (Anderson et al 1997) that may m turn have affected the nutrItIon of
harbor seals and Steller sea hons (Alaska Sea Grant College Program 1993) The
NRC concluded that food hmItatIon was hkely a factor m Benng Sea pmmped

PART II, CHAPTER 5 149



(

\. I
~ j

GULF ECOSYSTEM MONITORING AND REsEARo-t PlAN

populatIon declmes, but that tlus was due to a complex sUIte of bIOlogIcal and
physIcal mteractIons and not SImply the regIme shIft (NRC 1996)

5 11 2 Focal marine mammal species for the GEM program

5 11 2.1 Killer Whale
Killer whales are medIum- SIZed, toothed whales They are a cosmopohtan

specIes generally found throughout the world's oceans, but most common m colder
nearshore waters (Heynmg and DahlheIm 1988) SightIngs m Alaska show a Wide
dIstnbutIon, mostly on the contInental shelf, but also offshore (Braham and
DahlheIm 1982) Because there has been no real effort to track mdIVldual killer
whales, the understandmg of movements IS based prImarIly on sightIngs of
anxmals that can be IdentIfIed by marks and pIgmentatIon patterns (Bigg et al
1987) The general pattern seems to be that some killer whales may stay m areas for
several months whIle feedmg on seasonally abundant prey, but long-dIStance
movements are not uncommon (Ferrero et al 2000)

In the GOA, killer whales are seen frequently m Southeast Alaska and the area
between PWS and KodIak (Matkm and SauhtIs 1994) Withm the EVOS GOA
regIon, whales are seen most commonly m southwestern PWS, Kenai FIords, and
southern ResurrectIon Bay (Matkm et al 2000) Whales move back and forth
between these areas as well as to and from Southeast Alaska (Matkm et al 1997)
SightIngs from the area around KodIak suggest that killer whales are common, but
there has been htt1e study effort devoted to that regIon (Matkm and SauhtIs 1994)

KIller whales have been studIed m detail m easIly accesSIble areas such as
WashIngton state, BntIsh ColumbIa, Southeast Alaska, and PWS Researchers have
found that killer whales have a very complex socIal system and populatIon
structure StudIes of asSOCIatIon patterns (Matkm et al 1998), vocahzatIons (Ford
1991, SauhtIs 1993), feedmg behaVIor (Ford et al 1998), and molecular genetIcs
(Hoelzel et al 1998, Barrett-Lennard et al m press) have shown that there are two
prImary types of killer whales The types are termed "transIent" and "resIdent" A
prImary ecolOgIcal dIfference between the two types IS that reSIdents eat fISh, whIle
tranSIents mostly prey on other manne mammals (Ford et al 1998) Withm each of
these general types, killer whales are diVIded mto pods that may be composed of
one or more matrIlmeal groups In reSIdent whales, the pods are very stable
through tIme, WIth VIrtually no permanent exchange of mdIviduals between pods,
but new pods may be formed by sphttmg off of a maternal group A thIrd killer
whale type called "offshore" has been encountered, but htt1e IS known about them
(Ford et al 1994)

What IS known of the lIfe hIStory and bIOlogy of killer whales m Alaska was
compiled m Matkm and SauhtIs (1994) Both females and males are thought to
become sexually mature at about 15 years of age Females may produce calves
until they are about 40, at mtervals of 2 to 12 years MatIng occurs mostly durmg
May through October, and most bIrths happen between fall and spnng MaXImum
longeVIty has been estImated to be 80 to 90 years for females and 50 to 60 years for
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males Killer whales have no natural enenues, but m some areas, local abundance
and pod structure have been affected by human achvIhes, mc1udmg lIve captures
for publIc dIsplay, mterachons WIth commercIal fIsherIes, and the EVOS (Olesmk et
al 1990, DahlheIm and Matkm 1994, Matkm et al1994, Ferrero et al 2000, Forney
et al 2000) Normal buth and death rates for resIdent killer whales are about 2%
per year (Olesmk et al 1990)

Surface observahons and exammahon of stomach contents from stranded
anImals have shown that as a group killer whales can and do eat a WIde array of
prey, mc1udmg fIshes, buds, and mammals (Matkm and SauhtIs 1994) More
detaIled studIes have documented consIderable prey specIahzahon m certam pods
and mdIviduals ResIdent killer whales m the PWS feed mostly on coho salmon
durmg the summer (Matkm et al 1997) and on chmook salmon m wmter and
sprmg (Matkm 2000) TransIent whales m the same area eat mostly harbor seals,
Dall's porpoISe, and harbor porpoISe (SaulItIs 1993, Matkm and SauhtIs 1994)
Some GOA transIent killer whales occasIOnally eat Steller sea lIons (Barrett
Lennard et al 1995)

It IS dIffIcult to come up WIth meanmgful populahon eshmates for killer
whales, partly because they may move over great dIstances and partly because
some groups (such as the offshore type) and areas (such as the GOA west of
Resurrechon Bay) have been poorly studIed Ferrero et al (2000) gave a mmImum
eshmate of 717 whales m the northern resIdent stock of the eastern North PacIfIc,
and Forney et al (2000) gave a mmImum number of 376 for the transIent stock of
the eastern North PacIfIc RelIable data on trend m abundance are not avaIlable for
eIther stock The most recent census (1999) mdicates that there are 135 kIller whales
m the eIght pods that regularly use the Kenai FIOrds-PWS regIon (Matkm 2000)

StudIes of killer whales m the PWS area began m the late 1970s (von Zlegesar et
al 1986, Leatherwood et al 1990) Because killer whales were determmed to have
been damaged by the EVOS, killer whale studIes were mtensIfIed dunng 1989 to
2000 (Matkm et al 1994, 2000) Those long-term studIes allow accurate
determmahon of numbers, because all mdIVlduals m each pod are photOldenhfIed
nearly every year BIrths and deaths of mdIVldual anImals are momtored, whIch
allows the calculahon of reproduchve and surVIval rates for each pod (Matkm and
SauhtIs 1994, Matkm et al 2000)

Matkm et al (1999) used assoClahon and genealOgical data to orgamze the
reSIdent killer whales m the EVOS GOA area mto nme pods Data on the number
of whales m each of those pods for the perIod from 1984 to 2000 are shown m
Table 11 All reSIdent pods WIth the excephon of AB pod have eIther mcreased or
stayed the same smce 1984 The number of whales m AB pod decreased by 36%
from 1988 to 1990 and has stayed about the same smce Smce 1990, the recruItment
rate for AB pod has been sImIlar to other reSIdent pods, but the mortalIty rate has
been more than twIce as hIgh (Matkm et al 2000)
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\'---./ Table 11 Number of w\hales Photographically Identified In Killer Whale Pods In

the GOA EVOS Area, 1984 to 2000

Pod Identifier 1984 1988 1990 2000

ReSident Pods

AS 35 36 23 25

AD05 13 11 12 13

AD16 6 5 5 6

AE 13 12 13 18

AI 6 6 6 6

AJ 25 26 28 36

AK 7 8 9 11

AN10 12 13 13 20

AN20 23 26 29

Transient Groups

AT1 22 22 13 10

Source Matkin et al 2000 and (Matkin personal communication)

1 The entire AN20 pod has not been photographed since 1991

(
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\'-.../ Less IS known about transIent killer whales, and therr stock structure WIthIn the
eastern North PacIfIc IS less clear Stock assessment reports have dealt With all
transIent whales that occur from Alaska to Cahforma as a smgle stock (Forney et al
2000) StudIes have shown, however, that two groups of whales that occur m the
EVOS GOA regIOn, called ATl transIents and GOA transIents, are genetIcally and
acoustIcally dIStInct from one another and from other west coast transIents (SauhtIS
1993, Barrett-Lennard et al m press) GOA transIents range WIdely, but are seen
only occasIOnally m the PWS-KenaI FIOrds area The ATl pod occurs m the PWS
KenaI FIOrds area year-round (SauhtIS 1993, MatkIn et al 2000) The number of
whales m the ATl pod has dechned by more than 50% smce 1988, With only 10
mdIviduals remaInmg m 2000 (Table 11)

The dechnes m the AB and ATl killer whale pods are ISsues of major
conservatIon concern ThIrteen whales, mostly Juvemles and adult females,
dISappeared from AB pod from March 1989 to June 1990, the hIghest mortahty rate
ever seen m a reSIdent killer whale pod Although 12 calves have been born m AB
pod smce then, there IS no clear trend toward recovery because an addItIonal
10 anImals have dIed For the ATl transIents, 12 whales have dIed smce 1988 and
no calves have been recrmted to the group smce 1984 (Matkm 2000)

The causes of the dechnes m these two killer whale pods are not entrrely clear
Killer whales are only rarely caught mCIdental to commerCIal fIShmg operatIons
(Ferrero et al 2000) In the IDld-1980s, however, the AB pod was mvolved m a
dIfferent type of mteractIon WIth the longlme fISherIes for sablefISh and hahbut
(MatkIn and SauhtIS 1994) Whales removed hooked fISh from the hnes, and
fIShermen attempted to deter them by shootIng at them and detonatIng explOSIves
A number of whales were seen WIth gunshot wounds, and some of those later
dISappeared In SpIte of eIght mortahtIes durmg the preVIOUS 4 years, the pod
numbered 36 ammals m 1988, one more than m 1984 (MatkIn et al 1994) In March
to September 1989, members of the AB pod were several tImes seen SWImmillg m
Oll from the EVOS Although a drrect cause-effect relatIonshIp cannot be shown,
there IS reason to beheve that the populatIon dechne IS m some way due to the spill
(DahlhelID and MatkIn 1994, Matkm et al 1994) Members of the ATl transIent
group were also seen m Oll m summer 1989, and many members of the group were
IDISsmg the followmg year and have not been seen smce (MatkIn et al 1994,2000)
An addItIonal concern related to the potentIal effects of contact WIth Oll IS the
consumptIon of harbor seals, whIch ATl transIents feed on to a large extent
(SauhtIS 1993) Because many harbor seals were coated With Oll by the spill (Lowry
et al 1994), the whales may have mgested contamInated prey In addItIon, the
harbor seal populatIon has decreased Harbor seal numbers were dechmng m parts
of PWS before 1989, an estImated 300 seals were killed by the spill, and the seal
populatIon has contInued to dechne at least through 1997 (Frost et al 1994, Frost et
al 1999) Therefore, the lack of recrmtInent mto the ATl pod may be at least partly
caused by the severe reductIon of harbor seal numbers m the EVOS GOA regIOn
(MatkIn et al 2000)
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Other than theIr general status under the MMPA, Alaskan killer whales have
not been afforded any specIal legal protectIon Although the AB pod IS part of a
larger resIdent populatlon, the A11 group IS a dIStlnct populatIon that IS
demographically and genetIcally ISolated from other killer whales For that reason,
protectIve lIStlng under the ESA may be warranted for the A11 group

5.JJ.22 Beluga Whale
Belugas, also called white whales or belukhas, are medIUm-sIZed, toothed

whales They have a dISJUllct cIrcumpolar dIStributlon and occur prmCIpally m
arctIc C1!ld subarctIc waters (OICorry-Crowe and Lowry 1997) Recent studIes,have
shown that belugas are separated mto a number of dIScrete genetIc groups (stocks),
that generally correspond to groups of anImals that summer m dIfferent regIOns
(O'Corry-Crowe et al 1997, Brown Gladden et al 1999) There are four relatIvely
large stocks that range throughout western and northern Alaska and a small stock
that occurs m Cook Inlet and the GOA (O'Corry-Crowe and Lowry 1997)

In the GOA, belugas are seen most commonly m Cook Inlet, but sightlngs have
been made near KodIak Island, m PWS, and m Yakutat Bay (La1dre et al m press)
The fact that there have been several reports of belugas mYakutat Bay durmg 1976
to 1998 suggests the pOSSIbility of a small resIdent group there The other sightlngs
have most lIkely been of anImals from the roam Cook Inlet concentratlon

Because summer surveys of belugas m Cook Inlet have been conducted at
rrregular mtervals smce the 1960s and annually smce 1993, beluga dIStnbutlon m
that regIOn IS farrly well known (Klmkhart 1966, Calkms 1984, Rugh et al m press)
Belugas may be found throughout Cook Inlet, and m ffild-summer they are always
most common near the mouths of large nvers m Upper Cook Inlet, espeaally the
Beluga River, the Susltna River, and Chickaloon Bay Other areas where they have
been commonly seen mclude Turnagam Arm, Kmk Arm, Kachemak Bay, Redoubt
Bay, and Tradmg Bay Rugh et al (m press) compared the dIStrIbutIon of June and
July sightlngs made m the 1990s WIth earher years They found that the proportIon
of sightlngs m Upper Cook Inlet has mcreased greatly m the last decade, and they
conclude that the number of sightlngs m Lower Cook Inlet and m offshore waters
has dechned durmg the years

In February-March 1997, aenal surveys were conducted With the speafIc goal
of gathermg mformatIon on wmter dIStnbutIon of the Cook Inlet beluga stock
(Hansen and Hubbard 1999) The area surveyed mcluded Cook Inlet and parts of
the GOA between KodIak Island and Yakutat Bay Almost all beluga sightlngs (150
out of 160) were m the ffilddle part of Cook Inlet, and the remammg sightlngs were
m Yakutat Bay

Smce 1999, the NMFS NatIonal Marme Mammal Laboratory (NMML) has
gathered data on Cook Inlet beluga dIStnbutIon and movements through use of
satelhte-hnked tags In 1999, one whale that was tagged and tracked for 110 days
(from May 31 to September 17) stayed m Upper Cook Inlet (Ferrero et al m press)
To try to obtam mformatIon on wmter dIStnbutIon, two tags were attached to
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e\; whales on September 13, 2000 The whales were tracked untIl nud-January
Dunng that tnne, they moved around qwte a bIt m Upper Cook Inlet, but dId not
go south of Kalgm Island (NMML unpublIshed data available at

http / /nmml afsc noaa gov/CetaceanAssessment/Folder/2000_beluga_whale_tag
gmghtm)

In many parts of Alaska, mcludmg Cook Inlet, belugas are most common m
nearshore waters durmg the summer (Calkms 1986, Frost and Lowry 1990)
Proposed reasons for the use of nearshore habItats mclude the pOSSIble advantage
of warm protected waters for newborn calves (Sergeant and BrodIe 1969),
facilitatIon of the epIdermal molt by fresh water and rubbmg on gravel (5t Aubm

et al 1990, 5nuth et al 1992), and feedmg on seasonally abundant coastal and
anadromous fIshes (Seaman et al 1985, Frost and Lowry 1990) Although there
have been no dIrect studIes of the dIet of Cook Inlet beluga whales, at least part of
the reason for theIr congregatIng nearshore and near nver mouths must be to feed
on abundant fIshes such as salmon and eulachon (Calkms 1984, Moore et al m
press)

There has been no lIfe history InformatIon collected from Cook Inlet belugas
BIOlogICal characterIStIcs of belugas m other areas were reported by Hazard (1988)
Females become sexually mature at 4 to 7 years of age and males at 7 to 9 years
Mature females give bIrth to calves every 2 to 3 years, mostly m late spnng or
summer The maXImum lIfe span has not been well defmed, but IS hkely to be
about 40 years In the southern part of theIr range, belugas are preyed upon by
killer whales, and m more northern areas by polar bears

Beluga whales are dIffIcult to enumerate for a number of reasons PrmClpal
problems are that whales are easy to mISS m muddy water or when whItecaps are
present, and m all condItIons some fractIon of the populatIon will be underwater
where they cannot be seen Early survey efforts largely Ignored these problems
and Just reported the number of anImals counted, whIch dunng the 1960s to 1980s
was usually a few hundred In 1994 the NMFS NMML began to produce annual
estnnates of populatIon SIZe With standardIZed aenal surveys of the entIre Cook
Inlet and a sophistIcated set of methods to correct for whales that were mISsed by
observers (Hobbs et al m press, Rugh et al m press, Hobbs 2000) For each survey,
they reported the number of whales counted and an estImate of the total
populatIon SIZe (Table 12) Unfortunately because of problems Inherent m
countIng whales from the aIr, the annual estnnates are ImpreCISe and have a

relatIvely large coeffiCIent of varIatIon Nonetheless, regreSSIOn analysIS shows a
statIStIcally sIgnll1cant populatIon declme durmg the 7- year penod The 2000
populatIon IS most lIkely at least one-thIrd smaller than It was m 1994 The 95%
confIdence hnuts for the 2000 survey were 279 to 679 whales, meanmg It IS very
hkely that the true current populatIon SIZe IS somewhere m that range
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Table 12. Counts and Population Estimates for Cook Inlet Beluga Whales, 1993
to 2000

Year

1994

1995

1996

1997

1998

1999

2000

Whale Count

281

324

307

264

193

217

184

Abundance Estimate

653

491

594

440

347

357

435

Coefficient of Variation

0.43

0.44

0.28

0.14

0.29

0.20

0.23

Source: (Hobbs, Rugh, and DeMaster in press)and (Hobbs personal communication). ref.
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Avatlable data suggest that beluga whales m Cook Inlet rarely become entangled
m fIshmg gear (Ferrero et al 2000) The largest source of mortahty m recent years
has been huntmg by Alaska Nabves Although harvest data are ImpreCISe,
esbmates of the annual number of whales killed durmg 1993 to 1998 ranged from
21 to 123 anImals (Ferrero et al 2000, Mahoney and Shelden m press) ThIS
compares to a lIkely sustamable harvest of about 20 whales from a populabon of
500

Because of the populabon declme and the potenbal for contmued overharvest,
several enVIronmental groups and one mdIVldual subnutted a pebbon to NMFS m
March 1999 requestmg that the Cook Inlet beluga whale be lISted as an endangered
speaes under the ESA Respondmg to the same problems, Senator Ted Stevens
mserted language mto federallegISlabon passed m May 1999 that prohIbIted any
huntmg of beluga whales by Alaska Nabves, unless they had entered mto a co
management agreement WIth NMFS to regulate the hunt In May 2000, NMFS
fmahzed a designabon of deplebon under provISIons of the MMPA for the Cook
Inlet beluga populabon, and m June 2000, the agency determmed that a lIStmg
under the ESA was not warranted There was no legal harvest of Cook Inlet
belugas m eIther 1999 or 2000 NMFS IS currently workmg through proVISIOns of
the MMPA to allow a small, regulated take of Cook Inlet belugas to satISfy the
cultural needs of Alaska Nabves

Although overharvest by Alaska Nabves m the 1990s appears to be suffiCIent to
explarn the populabon declme, concerns that tlus small ISolated populabon may be
vulnerable to other threats remarn Areas of concern that have been IdenbfIed
mclude conunerClal fIshmg, oil and gas development, munIcIpal dIScharges, nOISe
from arrcraft and shIps, shIppmg traffic, and tOurISm (Moore et al m press)

5.11 2.3 Steller sea Lion
Steller sea hons are the largest specIes of otarud (eared seal) They are dIStnbuted

around the North PacIfIc rIm from northern Japan, the Kuru Islands and Okhotsk Sea,
through the Aleuban Islands and Bermg Sea, along the southern coast of Alaska, and
south to CalIforma (Kenyon and Rice 1961, Loughlm et al 1984, Loughlm et al 1992)
Most large rookenes are m the GOA and Aleuban Islands The northernmost rookery,
Seal Rocks, IS m the EVOS regIOn at the entrance to PWS Currently the largest
rookery IS on Lowne Island, m the Forrester Island complex m southern Southeast
Alaska

Steller sea hons are lIsted as two dIStmct populabon segments under the ESA an
eastern populabon that mcludes all anIIDa1s east of Cape SucklIng, Alaska, and a
western populabon that mcludes all anIIDa1s at and west of Cape SucklIng ThIS
dIStmcbon IS based mostly on results from nutochondnal DNA genebc studIes that
found a dIStmct break m the dIStnbubon of haplotypes between locabons sampled m
the western part of the range and eastern locabons, mdIcatmg restrIcted gene flow
between two populabOns (BIckham et al 1996, BIckham et al 1998a) Informabon on
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dIStnbuhon, populahon response, and phenotypIc charactenshcs, also support the
concept of two Steller sea lIon stocks (LoughlIn 1997)

Most adult Steller sea lIons occupy rookenes dunng the puppmg and breedmg
season, whIch extends from late May to early July (PItcher and Calkms 1981, GlSIDer
1985) Some JUvernles and non-breedmg adults may summer at or near the rookenes,
but most use other locahons as haul-outs Dunng fall and wmter, sea lIons may be at
rookery and haul-out SItes that are used dunng the summer, and they are also seen at
other locahons They do not make regular 1lllgrahons, but do move consIderable
distances When they reach adulthood, females generally return to the rookenes of
theIr bIrth to pup and breed (Kenyon and RIce 1961, Calkms and Pitcher 1982,
LoughlIn et al 1984)

Steller sea lIons use a number of marme and terrestnal habItats Adults
congregate for puppmg and breedmg on rookenes that are usually on sand, gravel,
cobble, boulder, or bedrock beaches of relahvely remote ISlands Haul-outs are SItes
used by adult sea lIons dunng hIDes other than the breedmg season, and by non
breedmg adults and subadults throughout the year Haul-outs may be at SIteS also
used as rookenes, or on other rocks, reefs, beaches, Jethes, breakwaters, naVlgahonal
aIds, floahng docks, and sea Ice WIth the excephon of sea Ice, SItes used for rookenes
and haul-outs are tradIhonal and the specIfIc locahons used vary lIttle from year to
year Factors that mfluence the swtabI1Ity of a partIcular area are poorly understood
(Gentry 1970, Sandegren 1970, Calkms and Pitcher 1982)

When not on land, Steller sea lIons are seen near shore and out to the edge of the
conhnental shelf, m the GOA, they commonly occur near the 200-m depth contour
(KaJIffiura and LoughlIn 1988) StudIes WIth usmg satellite-lInked telemetry have
proVIded detaIled mformahon on at-sea movements (Memck and LoughlIn 1997)
Adult females tagged at rookenes m the central GOA and Aleuhan Islands m summer
made short tnps to sea and generally stayed on the conhnental shelf In wmter, adult
females ranged more Widely With some movmg to seamounts far offshore Pups
tracked dunng the wmter made relahvely short tnps to sea, but one moved 320 km
from the eastern Aleuhans to the Pnbilof Islands

Female Steller sea lIons reach sexual maturIty at 3 to 6 years of age and most breed
annually dunng June and July (PItcher and Calkms 1981) Males reach sexual
maturIty at 3 to 7 years of age and phySiCal maturIty by age 10, they establIsh
temtones on rookenes dunng the breedmg season, and one male may breed WIth
several females (ThorstelllSon and Lensmk 1962, Gentry 1970, Sandegren 1970, GISmer
1985) Temtonal males fast for long penods dunng the puppmg and breedmg season
Pups are born on land, normally m late May to June, and they stay on land for about 2
weeks, then spend an mcreasmg amount of hIDe m mterhdal areas and SWImmIDg
near shore After gIVIDg bIrth, sea lIon mothers attend pups constantly for about 10
days, then alternate tnps to sea for feedmg With returns to the rookery to suckle theIr
pup UnlIke most pmrnpeds, for whIch weanmg IS predIctable and abrupt, Steller sea
lIons may conhnue to nurse until they are at least three years old (Gentry 1970,
Sandegren 1970, Calkms and Pitcher 1982)
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Steller sea hons dIe from a number of causes, mcludmg dtsease, predatIon,
shootIng by humans, and entanglement m fIshmg nets or debrIS (Memck et al 1987)
In addttIon, pups may dIe from drownmg, starvatIon caused by separatIon from the
mother, crushmg by larger antmals, and bItIng by females other than the mother (Orr
and Poulter 1967, Edte 1977)

Steller sea hons are generalIst predators that mostly eat a vanety of fIshes and
mvertebrates (PItcher 1981, NMFS 2000) Seals, sea otters, and bIrds are also
oCcasIonally eaten (Gentry and Johnson 1981, PItcher and Fay 1982, Darnel and
SchneeweIS 1992) Much effort has been devoted to descnbmg the dtet of sea hons m
the GOA In the mId 1970s and mId 1980s, the pnmary food found m sea hon
stomachs was walleye pollock Octopus, sqUId, hemng, PacrfIc cod, flatfIshes, capehn,
and sand lance also were consumed frequently (PItcher 1981, Calkms and Goodwm
1988) In the 1970s, walleye pollock was the most Important prey m all seasons, except
summer, when small forage fIshes (capehn, hemng, and sand lance) were eaten more
frequently (Memck and Calkms 1996) Results from examtnatIon of scats collected on
rookenes and haul-outs m the GOA m the 19905 confrrmed that pollock has been
overall the dommant prey, WIth PacrfIc cod and salmon also Important m some
months (Memck et al 1997, NMFS 2000) The dtet ofJUvemle Steller sea hons has not
been studted m detaIl, but It IS known that they eat somewhat smaller pollock than do
adults (Frost and Lowry 1986, Calkms 1998) Available data suggest that the average
daI1y food reqUIrement for sea hons IS on the order of 5% to 8% of theIr body WeIght
per day (Kastelem et al 1990, Rosen and Tntes 2000)

Satel1Ite-hnked tags attached to sea hons have proVIded mformatIon on the
amount of tIme spent dtvrng and dtvmg depths (Memck and Loughhn 1997) Adult
females m wmter spent the most tIme feedmg and dove the deepest, and young of the
year spent relatIvely httle tIme dtvrng to shallow depths As young of the year
matured, foragmg effort mcreased from November to May

The abundance of Steller sea hons m the western populatIon has decreased greatly
smce the 1960s, to the extent that the specres has been hsted as endangered under the
ESA From the mId-late 1970s through 2000, mdex counts of adults and JUvemles for
the western populatIon as a whole dechned by 83% from 109,880 to 18,193 (NMFS
2000) Dechnes m the eastern GOA (Seal Rocks to Outer Island) and central GOA
(Sugarloaf Island to ChOWIet Island) have been of a generally sImIlar magmtude (73%
and 87%), but It appears that the dechne m the eastern GOA began later than m the
western GOA and other regtons (Table 13) Counts of pups on rookenes have
shown sImIlar dechnes Modelmg and taggmg studtes have suggested that the
proXImate cause of the populatIon dechne IS probably a reductIon m survIval of
Juvemle anImals (York 1994, Chumbley et al 1997) BIrth rates are also
comparatIvely low (Calkms and Goodwm 1988), whIch could be a contnbutIng
factor PopulatIon VIabIlIty analysIS suggests that If the dechne contInues at Its
current rate some rookenes will go extInct m the next 40 to 50 years, and the entrre
western populatIon could be extmct Wlthm 100 to 120 years (York et al 1996)
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Table 13. Index Counts of Steller Sea Lions in the Eastern Gulf of Alaska (Seal
Rocks to Outer Island) and Western Gulf of Alaska (Sugarloaf Island to Chowiet
Island)

Survey year Eastern GOA Central GOA Western Stock Total

1976 7,053 24,678 109,880·

1985 19,002

1989 7,241 8,552

1990 5,444 7,050 30,525

1991 4,596 6,273 29,418

1992 3,738 5,721 27,286

1994 3,369 4,520 24,119

1996 2,133 3,915 22,223

1997 3,352

1998 3,346 20,201

1999 1,952

2000 1,894 3,177 18,193

Source: author? (1999)and (NMFS 2000).

Dashes indicate no count in that year.

1 Uses counts in the Aleutian Islands made in 1977 and 1979
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A number of factors have been suggested that may have affected the western Steller

sea hon populahon m the past 3 to 4 decades (Memck et al 1987, NMFS 1992, NMFS
2000) There lS no eVIdence that patterns of predahon, dISease, or envtronmental

contammants have changed suffiCIently to have caused such a major decrease m

abundance (Loughlm 1998) In the past, many sea hons were killed m commeraal
harvests, by mcrdental entanglement m nets, and by shoohng to reduce damage to

ftshmg gear and ftsh depredahon (Alverson 1992) That mortallty may have played

some part m the early stages of the dechne, but such killmg has been ehmmated or

greatly reduced and cannot explam the Widespread, conhnumg dechne SubSIStence

hunhng by Alaska Nahves occurs at low levels and lS not JUdged to be an lffipOrtant
factor overall (Ferrero et al 2000) Currently the most hkely explanahon lS that sea

hons, especially JUvemles, are expenencrng higher than normal mortallty because they

are nutnhonally hmlted (Loughlm 1998, NMFS 2000) The nutnhonal hmltahon could

be caused by envtronmental changes that have affected sea hon prey SpecIes,

compehhon for prey With commerclal ftshenes, or some combmahon of the two

The dechne of the western populahon of Steller sea hons, and the need to recover

the populahon and protect cnhcal habItat as reqUITed by the ESA, have been a major
conservahon ISSue m recent years (Lowry et al 1989, Fntz et al 1995) Achons

proposed to facrhtate recovery may have substanhal effects on commercral ftshenes

and coastal commumhes m the GOA and elsewhere (NMFS 2000)

5.11.2.4 PaCific Harbor Seal
Harbor seals are medmm-siZed, "earless" seals that are WIdespread m

temperate waters of both the North Atlanhc and the North Paabc In the North

Pac1bc, therr dlStnbuhon lS nearly conhnuous from Baja Cahfornla, MeXICO, to the

GOA and Bermg Sea, through the Aleuhan Islands, and to eastern RUSSIa and

northern Japan (Shaughnessy and Fay 1977, Hoover-Miller 1994)

Harbor seals are found pnmarily m the coastal zone where they feed and haul
out to rest, gIve brrth, care for therr young, and molt Haul-out SItes mclude

mterhdal reefs, rocky shores, mud and sand bars, gravel and sand beaches, and

fIoahng giacralice (Hoover-Miller 1994) From the results of satellite taggmg

studIes m PWS, most adult harbor seals are known to use the same few haul-outs

for most of the year (Frost et al 1996, Frost et al 1997)

Although It lS relahvely easy to study harbor seals while they are on haul-outs,

therr dlStnbuhon and movements at sea are not as well understood Durmg 1992 to

1997, as part of EVOS restorahon studIes, satellite-Imked depth recorders (SDRs)
were attached to seals m PWS to study therr at-sea behavlOr AnalySlS of the
trackrng data from 49 subadult and adult harbor seals mdlcated that most tagged

seals stayed m or near PWS, but some subadults moved 300 to 500 krn east and
west m the GOA (Frost et al 2001, Lowry et al 2001) Vrrtually all relocahons were

on the conhnental shelf m water less than 200 m deep Most feedmg tnps for

adults went 10 km or less from haul-outs, and Juveniles fed mostly withm 25 km
Patterns of dlvmg (effort and depth) varIed geographically and seasonally Durmg
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1997 to 1999, SDRs were attached to 27 recently weaned harbor seal pups m PWS
Prelmunary analysIS of those data (Frost et al 1998, Lowry and Frost unpublIshed)
dtd not show any extraordmary movement patterns

SDRs have also been attached to harbor seals m Southeast Alaska and the
Kodtak regIOn Prelmunary results from those taggmg efforts have been reported
m Small et al (1997, 1998) The data are currently bemg analyzed and prepared for
pubhcatIon (Small R 2001)

Overall, harbor seals are relatIvely sedentary and they show consIderable
fIdehty to haul-out SIteS (PItcher and McAlhster 1981, Frost et al 1996, Frost et al
1997) For management purposes, NMFS has dehneated three harbor seal stocks m
Alaska

1 The southeast Alaska stock, mcludmg anImals east and south of Cape
Suckhng,

2 The GOA stock, mcludmg anImals from Cape Suckhng to Ummak Pass and
westward through the AleutIan Islands, and

3 The Bermg Sea stock mcludmg anImals m BrIStol Bay and the Pnbilof
Islands (Ferrero et al 2000)

Durmg the past several years, an m-depth study of Alaska harbor seal genetIcs
has been conducted by the NMFS Southwest FIShenes ScIence Center Prelmunary
analysIS of those data mdtcate a number of relatIvely small populatIon umts With
very hmIted dISpersal among them (O'Corry-Crowe et al m press), m (Small et al
1999) Results suggest that Withm the EVOS area, there are multIple harbor seal
stocks that may reqUIre mdIVldual management attentIon NMFS SCIentIsts are
currently analyzmg the molecular genetIcs data and preparmg It for pubhcatIon
NMFS managers are evaluatIng those results WIth the mtentIon of refInmg stock
boundanes for Alaska harbor seals

Hoover-Miller (Hoover-Miller 1994) summarIZed available mformatIon on
Alaska harbor seal bIOlogy and hfe hIStory Both male and female harbor seals
reach sexual maturIty at 3 to 7 years old Adult females give bIrth to smgle pups
once a year, on land or on glaCIal Ice In PWS and the GOA, most puppmg occurs
from mId-May through June Newborn harbor seals pups are born WIth theIr eyes
open, WIth an adult-hke coat, and are Imffiedtately able to SWIm Pups are weaned
when they are 3 to 6 weeks old Once each year m July to September, harbor seals
shed theIr old harr and grow a new coat Durmg thIS tIme, the seals spend more
tIme hauled out than they do at other tImes For that reason, the molt penod IS a
good tIme to count seals to estImate populatIon SIZes and trends

Most mformatIon about the dtet of harbor seals m PWS and the GOA was
collected m the mId-1970s by exammatIon of stomach contents (PItcher 1980) The
major prey overall m both PWS and adjacent parts of the GOA was pollock
Octopus, capehn, PacIfIc cod, and herrmg also are eaten frequently Stomachs of
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young seals contamed mostly pollock, capelm, eulachon, and herrmg As part of
EVOS restoratIon studIes, blubber samples from PWS harbor seals have been
analyzed for theIr fatty aCId composItIon to examme theIr recent dIets (Iverson et al
1997), and (Lowry and Frost unpublIshed) InItIal results showed that herrmg,
pollock, other fIshes, and cephalopods (a class of sqUld and octOpI) had been eaten
Seals sampled at the same haul-out had Slffil1ar fatty aCId composItIons, suggestIng
that they had fed locally on sImIlar prey In contrast, seals sampled from areas as
httle as 80 km apart had dIfferent fatty aCId composItIons, mdIcatIng substantIally
dIfferent dIets Small et al (1999) have exammed scats from harbor seals collected
near KodIak and found mostly remams of sculpIns, greenlmg, sand lance, and
pollock

Known predators of harbor seals mclude killer whales, Steller sea hons, and
sharks The Impact of these predators on harbor seal populatIons IS unknown, but
may be sigrufIcant In PWS alone, killer whales may eat as many as 400 harbor
seals per year (MatkIn 2000) The mCIdence of sharks caught on hahbut longlmes m
the GOA has mcreased greatly m the last decade (Lowry and Frost unpublIshed
data) The degree to whIch these sharks prey on harbor seals IS unknown, but seal
remams have been observed m theIr stomachs (Matkm 2000)

Before the MMPA, harbor seals were hunted commercIally m Alaska, and they
were also killed to reduce theIr predatIon on commercIally Important fIshes
(Hoover-Miller 1994) Such kills, whIch exceeded 10,000 anImals m many years,
were largely stopped m 1972 The MMPA allowed fIshermen to shoot seals If they
were damagmg theIr gear or catch and could not be deterred by other means A
few hundred anImals probably were killed annually for that reason durmg 1973 to
1993 In 1994, the MMPA was amended to reqUIre that fIshermen use only non
lethal means to keep marme mammals away from theIr gear

Harbor seals have been and contInue to be an Important food and handIcraft
resource for Alaska NatIve subsIStence hunters m PWS and the GOA The ADF&G
DIVISIon of SubsIStence estImated the SIZe of the harbor seal harvest annually
durmg 1992 to 1998 The average annual kill durmg that penod was approxImately
380 seals m PWS and 360 for Kodiak, Cook Inlet-Kenai, and the south Alaska
PenInsula combmed (Wolfe and HutchInson-Scarbrough 1999) About 88% of the
seals shot were retrIeved, and 12% were struck and lost Although harvests at
mdIVldual villages have vaned from year to year, regIOnal harvest levels have
shown no clear trend

Harbor seals are sometImes entangled and killed m the gear set by several
commerCIal fIshenes that operate m the EVOS GOA regIOn Ferrero et al (2000)
estImated an average mmImUffi annual mortahty of 36 anImals for the GOA stock
ThIS fIgure was an underestImate, because there have not been observer programs
for several of the fIsherIes that are lIkely to mteract WIth harbor seals

Some harbor seals were killed by the EVOS, at least m PWS (Frost et al 1994) In
August and September 1989, ADF&G flew aenal surveys of harbor seals m oiled and
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unoued areas of central and eastern PWS Results of those surveys were compared to
earher surveys of the same haul-outs conducted m 1983, 1984, and 1988 Before the
EVOS, counts m oued and unoued areas of PWS were dechnmg at a smular rate, about
12% per year From 1988 to 1989, however, there was a 43% dechne m counts of seals
at oued SItes compared to 11%at unoued SItes Other studIes conducted as part of
the EVOS damage assessment program showed that seals m oued areas became
coated WIth ou (Lowry et al 1994) Many oued seals acted SIck and lethargiC for the
fIrst few months after the spill Tests of bue and tIssues showed that oIled seals
were metabohzmg petroleum compounds (Frost et al 1994) MICroSCOpIC
exammatIon mdIcated that some oued seals had bram damage that would lIkely
have mterfered wIth Important functIons such as breathmg, sWlmmmg, dIvmg, and
feedmg (Spraker et al 1994) It was estImated that approXImately 300 seals dIed
because of the EVOS (Frost et al 1994) Hoover-MIller et al (2000) dISputed the
mortalIty estImate of Frost et al (1994), but they admIt that the spill had effects on
harbor seals and do not proVide an alternatIve estImate of mortalIty

Harbor seals are one of the most common marme mammals m the EVOS GOA
region In 1973, ADF&G estImated there were about 125,000 m thIs region based on
harvest data, observed densItIes of seals, and the amount of avaIlable habItat
(PItcher 1984) The most recent populatIon estImate for the GOA harbor seal stock,
denved from mtenslve aenal surveys conducted by NMFS, IS 29,175 (Ferrero et al
2000) Although the methods used to denve the two estImates were very dIfferent
and they are not dIrectly comparable, the dIfference does suggest that a large
dechne m harbor seal numbers has occurred m the GOA

Counts at mdlvldual haul-outs and along surveys routes estabhshed to momtor
trends confrrm the dechne and proVIde some mformatIon on the temporal pattern
of changes (Table 14) At TUgIdak Island (south of KodIak Island), average molt
penod counts dechned by 85% from 1976 to 1988 (pItcher 1990), followed by a
penod of stabilizatIon before a populatIon mcrease of about 5% per year durmg
1994 to 1999 (Small et al 1999) In eastern and central PWS, the number of seals at
25 trend mdex SItes dechned by 42% between 1984 and 1988 (pItcher 1989) Trend
counts at mdex SIteS have shown that the dechne m that part of PWS contInued at
least through 1997, by wluch tIme there were 63% fewer seals than there were m
1984 (Frost et al 1999) Counts on the PWS trend route were farrly sImIlar m 1994
to 1998 (Table 14), suggestIng that the dechne m that area may have stopped In the
KodIak trend area, harbor seal counts mcreased by 5 6% per year durmg 1993 to
1999 (Small et al 1999)
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Table 14. Counts of Harbor Seals at Index Sites in the EVOS GOA Region

Year Tugidak Island PWS Kodiak

1976 5,708

1977 4,618

1978 3,781

1979 3,133

1982 1,918

1984 1,469 2,488

1986 1,181

1988 966 1,875

1989 1,423

1990 882 1,282

1991 1,200

1992 820 1,133

1993 805 1,126 3,129

1994 800 981 3,478

1995 804 1,126 3,855

1996 819 962 3,322

1997 844 929 3,674

1998 880 1,053 4,247

1999 929 4,876

Source: (Pitcher 1990), (Frost, Lowry, Sinclair, ver Hoet, and McAllister 1994), (Frost et al.
unpublished), (Small. R. personal communication). FIX

Counts have been adjusted to account tor important covariates (see (Frost, Lowry, and ver Hoet
1999), Small et al. in prep.
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Mortahty of harbor seals caused by people because of fIshery mteractIons, the EVOS,
and huntmg has been farrly well documented Each of these causes may be a
contrIbutmg factor, but It seems unbkely that they could have caused such a
Widespread and major populatIon declme Other factors that could be mvolved m the
declme mclude dIsease, food hnutatIon, predatIon, contammants, and changes m
habItat avaI1ability No strong scren1:lfIc eVidence has been produced, however, to
suggest that any of these factors has been a pnmary cause (Sease 1992, Hoover-Miller
1994) A LeslIe matrIx model for populatIon projectIon showed that large changes m
Vital parameters (reproductIon and SurVIval) must have occurred to cause the declmes
m abundance seen m PWS durmg 1984 to 1989, and that changes m JUvernle SurVIVal
are lIkely to have the greatest effect on populatIon growth (Frost et al 1996)

The large decrease m harbor seal abundance m the GOA has been a major concern
among SCIentIsts, resource managers, Alaska NatIves, and the publIc After
completIon of damage assessment, the Trustee Council funded restoratIon studies to
learn about the bIOlogy and ecology of harbor seals m the spill area, and to mvestIgate
pOSSIble causes for the declme (Frost and Lowry 1994, Frost et al 1995, Frost et al
1996, Frost et al 1997, Frost et al 1998, Frost et al 1999) At about the same tIme,

Congress began proVIdmg funds to ADF&G to be used to mvestIgate causes of the
Alaskan harbor seal declme Those funds were used to 1ll1t1ate harbor seal research
programs m Southeast Alaska and the Kodiak area, and to resume long-term studies
on Tugtdak Island (LeWIS 1996, Small et al 1997, Small 1998, Small et al 1999, Small
and Pendleton 2001) A major part of all those studies has been lIve-captunng seals
and attachIng SDRs to them to learn about theIr movements, foragmg patterns, and
behaVior on land and at sea As part of the held studies, researchers have weIghed
and measured each seal, and have taken samples for studies of blood cheffilStry,
dIsease, genetIcs, and diet Some parts of those StudIes have been completed and
publIshed, some are m the analysIS and reportmg stage, and others are ongomg As
dIScussed above, the results have added greatly to the understandmg of harbor seals
m thIS area and will contmue to do so as more of the work IS completed

Any tIme a wildlIfe populatIon declmes, It IS a cause for concern For harbor
seals m PWS and the GOA, however, the concern IS magmfled because the causes
for the declme are unknown and because these seals are an Important food and
cultural resource of Alaska NatIves In addItIon, the results of genetIcs studIes are
showmg very lnmted dISpersal between seals m adjacent areas, suggestIng that
harbor seals should be managed as a number of relatIvely small umts So far GOA
harbor seals have not been lISted as depleted under the MMPA or as threatened or
endangered under the ESA The lIstIng status could change If recovery doesn't
happen m some genetIcally dIScrete populatIon unIts

Harbor seals may have great value as an mdIcator speCIes of enVIronmental
conditIons m the GEM regton They are Important m the food web, both as upper
level predators on commerCIally explOIted fIshes and other fIshes and mvertebrates,
and also as a food resource for kIller whales and Alaska NatIve hunters Because
they are non-mIgratory and have low dISpersal rates, changes m theIr abundance
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(o and behavIOr should be reflechve of changes m local enVIronmental condIhons m
the areas they mhablt Further, they are relahvely easy to study, and dunng the
past 30 years a consIderable amount of baselme data has been collected on theIr
abundance, chstnbuhon, and other aspects of theIr bIOlogy and ecology

5.11.2.5 Sea Otter
Sea otters are the only completely marme specIes of the aquahc lutrmae, or

otter subfaml1y of the faml1y Mustehdae They occur only m coastal waters around
the North PacIfIc nm, from central Baja CalIforma, MeXICO, to the northern Islands
of Japan The northern chstnbuhon of sea otters IS hmtted by the southern extent of
wmter sea Ice that hmtts access to foragmg habItat (Kenyon 1969, Rtedman and
Estes 1990) Southern range hmtts are less well understood, but are hkely related to
reduced produchVlty at lower lahtudes, mcreasmg water temperatures, and
thermoregulatory constramts Imposed by the sea otter's dense fur

Three subspecIes of sea otters are recogmzed Enhydra lutns lutns from ASIa to
the Commander Islands of RussIa, E 1 kenyom from the western Aleuhans to
northern CalIforma, and E 1 nerezs, south of the Oregon (WIlson et al 1991) The
subspecIfIc taxonomy suggested by morphological analyses IS largely supported by
subsequent molecular genehc data (Cronm et al 1996, Scnbner et al 1997) The
dIStrlbuhon of mItochondnal DNA haplotypes suggests httle or no recent female
medIated gene flow among populahons Populahons separated by large
geographIc chstances, however, share some haplotypes (for example, m the Kuru
and KodIak ISlands), suggeshve of common ancestry and some level of hIStoncal
gene flow The dIfferences m genehc markers among contemporary sea otter
populahons hkely reflect the followmg

• Penods of habItat fragmentahon and consohdahon durmg PleIStocene
glaCIal advance and retreat,

• Some effect of reproduchve ISolahon over large spahal scale, and

• The recent hIStory of harvest-related reduchons and subsequent
recolomzahon (Cronm et al 1996, Scnbner et al 1997)

(~ I

"--')

Sea otters occupy and use only coastal marme habItats The seaward hmtt of
theIr feedmg habItat, whIch IS about the 100-m depth contour, IS defmed by theIr
ability to dIve to the sea floor Although sea otters may be found at the surface m
deeper water, eIther reshng or SWlffiffilllg, they must mamtam relahvely frequent
access to shallower depths where they can feed In PWS, 98%of the sea otters are
found m water WIth depths less than 200 m and sea otter abundance IS mversely
correlated WIth water depth, WIth about 80% of the anImals observed m water less
than 40 m deep (Bodkm and UdeVltz 1999) Sea otters forage m dIverse bottom
types, from fme mud and sand to rocky reefs Although they may haul out on
mterhdal or suprahdal shores, no aspect of theIr hfe hIStory reqUIres leavrng the
ocean Where present, surface-eanopy-formIng kelps proVIde preferred reshng
habItat In areas lackmg kelp canopIes, sea otters rest m groups or alone m open
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water, but may select areas protected from large waves where avaIlable Sea otters
generally feed alone and often rest m groups of 10 or fewer, but also occur m
groups numbermg m the hundreds (Rtedman and Estes 1990)

Relahvely few data are avaJ.1able to descrIbe relahons between sea otter
densihes and habItat charactenshcs MaXImum sea otter densihes of about 12 per
square kIlometer (km2) have been reported from the Aleuhan and Commander
ISlands (Kenyon 1969, BodkIn et al 2000) where habItats are largely rocky
MaXImum densihes m Orca Inlet of PWS, a shallow soft-sedIment habItat, are
about 16 per km2 EqUIlIbrIum, or sustamable densihes ,lIkely vary among habItats,
WIth reported values of about 5 to 8 per km2 In PWS, sea otter densihes vary
among areas, averagmg about 1 5 per km2 and rangmg from fewer than 1 to about
6 per km2 (Bodkm and Udevitz 1999, USGS unpublIshed data)

The sea otter IS the largest mustelId, WIth males consIderably larger than
females Adult males attam weIghts of 45 kg and total lengths of 148 cm Adult
females attam weIghts of 36 kg and total lengths of 140 cm At bIrth, pups weIgh
about 1 7 to 2 3 kg and are about 60 cm m total length

Adult male sea otters gam access to estrous females by establIshmg and
mamtarnmg terrItOrIes from which other males are excluded (Kenyon 1969,
GarshelIs et al 1984, Jameson 1989) Male terrItOrIes vary m SIZe from about 20 to
80 hectares TemtorIes may be located m or adjacent to female reshng or feedmg
areas or along travel corrIdors between those areas, and are occupIed conhnuously
or mtermIttently through hIDe (LoughlIn 1981, GarshelIs et al 1984, Jameson 1989)
Female sea otters attam sexual maturIty as early as age 2, and by age 3 most
females are sexually mature Where food resources may be hmIhng populahon
growth, sexual maturahon may be delayed to 4 to 5 years of age

Adult female reproduchve rates range from 0 80 to 0 94 (SmIff and Ralls 1991,
BodkIn et al 1993, Jameson and Johnson 1993, RIedman et al 1994, Monson and
DeGange 1995, Monson et al 2000b) Among areas where sea otter reproduchon
has been studIed, reproduchve rates appear to be SImIlar despIte dIfferences m
resource avaJ.1ability Although copulahon and subsequent puppmg can take place
at any hIDe of year, there appears to be a posIhve relahon between mcreasmg
lahtude and reproduchve synchrony (occurrmg SImultaneously) In Cahforma,
puppmg IS weakly synchronous to nearly umform across months, m PWS, a
dIShnCt peak m puppmg occurs m late sprmg

Reproduchve output remams relahvely constant across a broad range of
ecolOgical condIhons, and pup survIval appears to be mfIuenced by resource
avaIlability, pnmarIly food At AmchItka Island, a populahon at or near
eqUIlIbrIum densIty, dependent pup SurvIVal ranged from 22% to 40%, compared
to nearly 85% at KodIak Island, where food was not hmIhng and the populahon
was mcreasmg (Monson et al 2000b) Post-weamng annual SurvIVal IS varIable
among populahons and years, rangmg from 18% to nearly 60% (Monson et al
2000b) Factors affeChng survIval of young sea otters, rather than reproduchve
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rates, may be important in ultimately regulating sea otter population size. Survival
of sea otters more than 2 years of age is generally high, approaching 90%, but
gradually declines through time (Bodkin and Jameson 1991, Monson et a1. 2000b).
Most mortality, other than human related, occurs during late winter and spring
(Kenyon 1969, Bodkin and Jameson 1991, Bodkin et a1. 2000). Maximum ages,
based on tooth annuli, are about 22 years for females and 15 years for males.

Although the sex ratio before birth (fetal sex ratio) is one to one (Kenyon 1982,
Bodkin et a1. 1993), sea otter populations generally consist of more females than
males. Age-specific survival of sea otters is generally lower among males (Kenyon
1969, Kenyon 1982, Siniff and Ralls 1991, Monson and DeGange 1995, Bodkin et al.
2000), resulting in a female-biased adult population

The sea otter relies on air trapped in the fur for insulation and an elevated
metabolic rate to generate internal body heat. To maintain the elevated metabolic
rate, energy intake must be high, requiring consumption of prey equal to about
20% to 33 % of their body weight per day (Kenyon 1969, Costa 1982).

The sea otter is a generalist predator, known to consume more than 150
different prey species (Kenyon 1969, Riedman and Estes 1990, Estes and Bodkin in
press). With few exceptions, their prey generally consist of sessile or slow moving
benthic invertebrates such as mollusks, crustaceans, and echinoderms. Preferred
foraging habitat is generally in depths less than 40 m (Riedman and Estes 1990),
although studies in southeast Alaska have found that some animals forage mostly
at depths from 40 to 80 m. A sea otter may forage several times daily, with feeding
bouts averaging about 3 hours, separated by periods of rest that also average about
3 hours. Generally, the amount of time a sea otter allocates toward foraging is
positively related to sea otter density and inversely related to prey availability.
Time spent foraging may be a meaningful measure of sea otter population status
(Estes et al. 1982, Garshelis et al. 1986).

NOTE TO PHIL from Lloyd: Latin names of prey weren't given in the other
sections - take them out of here?? This is an editorial decision that impacts all
sections, so it can wait. An author may choose to put Latin binomials in the text, or
put them in Appendix as additions to Appendix A.

Although the sea otter is known to prey on a large number of species, only a
few tend to predominate in the diet, depending on location, habitat type, season,
and length of occupation. The predominately soft-sediment habitats of Southeast
Alaska, PWS, and Kodiak Island support populations of clams that are the primary
prey of sea otters. Throughout most of Southeast Alaska, burrowing bivalve clams
(species of 5axidomus, Protothaca, Macoma, and Mya) predominate in the sea otter's
diet (Kvitek et al. 1993). They account for more than 50% of the identified prey,
although urchins (5. droebachiensis) and mussels (Modiolis modiolis, Musculus spp.)
can also be important. In PWS and at Kodiak Island, clams account for 34% to
100% of the otter's prey (Calkins 1978, Doroff and Bodkin 1994, Doroff and
DeGange 1994). Mussels (Mytilus trossulus) apparently become more important as
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the length of occupanon by sea otters mcreases, rangmg from 0% at newly
occupIed SItes at KodIak to 22% m long-occupIed areas (Doroff and DeGange 1994)
Crabs (C magzster) were once Important sea otter prey m eastern PWS, but
apparently have been depleted by otter foragmg and are no longer eaten m large
numbers (Garshehs et al 1986) Sea urchms are mmor components of the sea otter
met m PWS and the Komak archtpelago In contrast, the sea otter met m the
Aleunan, Commander, and Kun1ISlands IS dommated by sea urchms and a varIety
of fm fISh (mc1udmg hexagrammIds, gamds, cottlds, perctformes, cyc1optends, and
scorpaemds) (Kenyon 1969, Estes et al 1982) Sea urchms tend to dommate the met
of low-densIty sea otter populanons, whereas fIShes are consumed m populanons
near equllibnum densIty (Estes et al 1982) For unknown reasons, sea otters m
regIOns east of the Aleunan Islands rarely consume fISh

Sea otters also explOIt epISodIcally abundant prey such as sqIDd (Lollgo spp )
and pelagiC red crabs (Pleuroncodes plampes) m Caltforma and smooth lumpsuckers
(AptoCtJclus ventncosus) m the Aleunan Islands On occasIOn, sea otters attack and
consume sea buds, mc1udmg teal (Anas crecca), scoters (Melamta persplctllata), loons
(GaVla lmmer), gulls (Larus spp), grebes (Aechmoplwru socCldentalts), and cormorants
(Phalacrocorax spp) (Kenyon 1969, RJ.edman and Estes 1990)

Sea otters are known for the effects theu foragmg has on the structure and
funcnon of nearshore marme communInes They prOVide an Important example of
the ecolOgical "keystone SpecIes" concept (power et al 1996) In the absence of sea
otter foragmg durmg the 20th century, populanons of several specIes of urchms
(StronglJlocentrotus spp ) became extremely abundant Grazmg acnvIt1es of urchms
effecnvely lImIted kelp populanons, resultIng m deforested areas known as "urchm
barrens" (Lawrence 1975, Estes and Harrold 1988) Because sea urchms are a
preferred prey Item, as otters recovered, they dramancally reduced the SIZes and
densines of urchms, as well as other prey such as mussels, Myhlus spp Released
from the effects of urchm-related herbIVOry, populanons of macroalgae responded,
resultIng m dIverse and abundant populanons of under-story and canopy-formmg
kelp forests Although other factors, both non-hvmg (abionc) and hvmg (bIOnc),
can also lImIt sea urchm populanons (Foster and Schte11988, Foster 1990), the
generahty of the sea otter effect m reducmg urchms and mcreasmg kelp forests IS
WIdely recognIZed (reVIewed m Estes and Duggtns 1995) Further cascadmg effects
of sea otters m coastal rocky subndal communInes may stem from the proltferanon
of kelp forests Followmg sea otter recovery, kelp forests prOVide food and habItat
for other speCIes, mc1udmg fm fISh (SImenstad et al 1978, Ebehng and Laur 1998),
whtch prOVIde forage for other fIShes, buds, and mammals Furthermore, where
present, kelps prOVIde the prImary source of orgamc carbon to the nearshore
marme communIty (Duggtns et al 1989)

Effects of sea otter foragmg are also documented m rocky mterndal and soft
sedtment manne communInes The sIZe-class dlStnbunon of mussels was strongly
skewed toward anImals With shell lengths smaller than 40 mm where otters were
present, however, mussels WIth shell lengths larger than 40 mm comprISed a large
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component of the populatIon where sea otters were absent (VanBlancom 1988) In
soft-sedlIDent coastal commumtIes, sea otters forage on epIfauna (crustaceans,
eclunoderms, and mollusks) and mfauna (prlIDanly clams) They generally select
the largest mdividuais These foragmg charactenstIcs cause declmes m prey
abundance and reductIons m sIze-class dIstnbutIons, although the deepest
burrowmg clams (such as, Tresus nuttallll and Panopea generosa) may attam refuge
from some sea otter predatIon (KvItek and Ohver 1988, KVItek et al 1992)
CommunIty level responses to reoccupatIon by sea otters are much less well
studIed m soft-sedlIDent habItats that dommate much of the North PacIfIc, and
addItIonal research IS needed m thIS area

A century ago, sea otters were nearly extInct, havmg been reduced from several
hundred thousand mdividuals, by a multI-natIonal commercIal fur harvest They
persISted largely because they became so rare that, despIte exhaustIve efforts, they
were only seldom found (Lensmk 1962) Probably less than a few dozen
mdividuais remamed m each of 13 remote populatIons scattered between
CalIfonua and RUSSIa (Kenyon 1969, Bodkm and Udevitz 1999) By about 1950, It
was clear that several of those ISolated populatIons were recovermg Today, more
than 100,000 sea otters occur throughout much of theu hIStonc range (Table 15),
although sUItable unoccupIed habItat remams m AsIa and North Amenca (Bodkm
and Kenyon m press)

Trends m sea otter populatIons today vary WIdely from rapIdly mcreasmg m
ICanada, Waslimgton, and Southeast Alaska, to stable or changmg shghtly m PWS,

the Commander Islands and CalIfonua, to dechnmg rapIdly throughout the entue
AleutIan arclupelago (Estes et al 1998, Estes and Bodkm m press) RapIdly
mcreasmg populatIons SIZes are easIly explamed by abundant food and space
resources, and mcreases are antIcIpated untIl those resources become hmItIng
RelatIvely stable populatIons can be generally characterIZed by food hmItatIon and
buth rates that approxlIDate death rates The recent large-scale dechnes m the
AleutIan archIpelago are unprecedented m recent tImes and demonstrate complex
relatIons between coastal and oceamc marme ecosystems (Estes et al 1998) The
magmtude and geograpluc extent of the AleutIan dechne mto the GOA are
unknown, but the PWS populatIon appears relatIvely stable The VIew of sea otter
populatIons has been largely mfluenced by events m the past century when food
and space where generally unhmIted As food and space become hmItIng,
however, It IS hkely that other mechanISms, such as predatIon, contammatIon,
human take, or dISease will play mcreasmgly lIDportant roles m structurmg sea
otter populatIons
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Table 15. Recent Counts or Estimates of Sea Otter (Enhydra lutris) Abundance in
the North Pacific

Subspecies Area Year Number Status

E/.lutris Russia 1995-97 21,500 Stable in Kurils and Commander
islands, increasing in Kamchatka

E/. kenyoni Alaska, USA 1994-99 100,000 Declining in Aleutians, uncertain in
GOA and increasing in Southeast

British 1997 1,500 Increasing
Columbia,
Canada

Washington, 1997 500 Increasing
USA

E/. nereis California, 1997 2,200 Uncertain
USA

Total 125,700

Source: (Bodkin and Kenyon in press). ref?
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A number of predators mclude sea otters m theIr dIet, most notably the white shark
(Carcharadon charchanas) and the killer whale (Orca orcmus) Bald eagles (Hallaeetus
leucocephalus) may be a slgmfIcant source of very young pup mortallty Terrestnal
predators, mcludmg wolves (Cams lupus), bears (Ursus arctos), and wolverme (Gulo
gulo) may kill sea otters when they come ashore, although such mstances are hkely
rare Before the work of Estes et al (1998) predahon was thought to playa mmor
role m regulahng sea otters (Kenyon 1969)

PathologIcal dl80rders related to ententlS and pneumoma are common among
beach-cast carcasses and may be related to madequate food resources, although
such mortahhes generally comClde Wlth late wmter penods of mclement weather
(Kenyon 1969, Bodkin and Jameson 1991, Bodkin et al 2000) Non-lethal
gastromteshnal parasItes are common, and lethal mfestahons are occaslOnally
observed Among older anlffials, tooth wear can lead to abscesses and systelnIC
mfechon, eventually contnbuhng to death

Contammants are of mcreasmg concern m the conservahon and management of
sea otter populahons throughout the North PaclfIc Concentrahons of
organochlormes, sllnIlar to levels causmg reproduchve failure m caphve mmk
(Mustela Vlson), occurred m the Aleuhan Islands and CalIforma, whereas otters
from Southeast Alaska were relahvely uncontammated (Estes et al 1997, Bacon et
al 1998) Elevated levels of butylhn reSIdues and organochlorme compounds have
been assocIated WIth sea otter mortallty caused by mfechous dl8ease m Callforma
(Kannan et al 1998, Nakata et al 1998) Changes m stable lead l8otope
composlhons from pre-mdustrlal and modem sea otters m the Aleuhans reflect
changes m the sources of lead m coastal marme food webs In pre-mdustnal
samples, lead was from natural deposIts, m contemporary sea otters, lead 18

pnmarlly from ASIan and North Amencan mdustrlal sources (SlnIth et al 1990)

Suscephbillty of sea otters to oll spl11s, largely because of the rehance on therr
fur for thermoregulahon, has long been recognlZed (Kenyon 1969, Smlff et al 1982)
and thIS was confIrmed by the EVOS Accurate eshmates of acute mortahty
resulhng from the EVOS are not avallable, but nearly 1,000 sea otter carcasses were
recovered m the months followmg the spill (Ballachey et al 1994) Eshmates of
carcass recovery rates ranged from 20% to 59% (DeGange et al 1994, Garshehs
1997), mdIcahng mortallty of up to several thousand ammals (Ballachey et al 1994)
Sea otter mortallty m areas where oll deposlhon was heaVIest and persl8tent was
nearly complete, and through at least 1997, sea otter numbers had not completely
recovered m those heaVl1y olled areas (Bodkin and UdeVltz 1994, Dean et al 2000)
Long-term effects mclude reduced sea otter survIval for at least a decade followmg
the spill (Monson et al 2000a), hkely a result of sublethal ol1mg m 1989, chromc
exposure to resIdual oll m the years followmg the spill, and spill-related effects on
mvertebrate prey populahons (Ballachey et al 1994, Fukuyama et al 2000, Peterson
2000) As human populahons mcrease, exposure to acute and chromc
envIronmental contammants will hkely mcrease Improved understandmg of the
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effects of contaminants on keystone species, such as sea otters, may be valuable in
understanding how and why ecosystems change.

Human activities contribute to sea otter mortality throughout the Pacific Rim.
Incidental mortality occurs in the course of several commercial fisheries. In
California, an estimated annual take of 80 sea otters in gill and trammel nets, out of
a population numbering about 2,000, likely contributed to a lack of population
growth during the 1980s (Wendell et al. 1986). Developing fisheries and changing
fishing techniques continue to present potential problems to recovering sea otter
populations. In Alaska, sea otters are taken incidentally in gillnet, seine, and crab
trap fisheries throughout the state, but total mortality has not been estimated
(Rotterman and Simon-Jackson 1988). Alaska Natives are permitted to harvest sea
otters for subsistence and handicraft purposes. The harvest is largely unregulated
and exceeded 1,200 in 1993, with most of that from a few, relatively small areas. In
addition, an illegal harvest of unknown magnitude continues throughout much of
the geographic range of sea otters.

Sea otters occupy an important, and well documented, position as an upper
level predator in nearshore communities of the North Pacific. In contrast to most
marine mammals that are part of a plankton and fish trophic web, sea otters rely
almost exclusively on benthic invertebrates. Because both sea otters and their prey
are resources.

Relatively little work has been conducted in investigating relations between
those physical and biological attributes that contribute to variation in productivity
of nearshore marine invertebrates, such as the clams, mussels, and crabs that sea
otters consume, and how that variability in productivity translates into variation in
annual sea otter survival. Given the observed variation in sea otter survival, and
the recognized role of food in regulating sea otter populations, understanding these
relations would provide some empirical measure of the relative contributions of
"top-down" (predation) versus "bottom-up" (primary production) factors in
structuring nearshore marine communities.relatively sedentary, please correct
preceding text they integrate physical and biological attributes of the ecosystem
over small spatial scales. Further, both sea otters and their prey occur nearshore,
allowing accurate and efficient monitoring of sea otters, their prey, and physical
and biological ecosystem attributes. This suite of factors offers a strong foundation
for understanding mechanisms, and interactions among factors that regulate long
lived mammalian populations. Given that many populations of large carnivorous
mammals are severely depleted worldwide, such an understanding would likely be
broadly applicable to conservation and management of natural

5.11.3 General Research Questions

What are the factors responsible for the decline of marine mammal populations?

• What is the role of marine mammal predation (consumption) in structuring
their prey populations (plankton, fish, and mammals)?
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• What IS the relatIon between abundance of marme mammal populatIons to
the avaIlability and qualIty of prey speCIes?

• What IS the relatIon between abundance of marme mammal populatIons
and the removals of prey specIes by fIshmg?

• What IS the relatIon between reproductIon and abundance of marme
mammal populatIons and contammant burdens?

• How does vanatIon m the amount of food produced affect the geographic
dIStrIbutIons, fecundItIes and SurvIvals of marme mammal populatIons?

What are the factors responsIble for regulatIon of populatIon SIZe m sea otters?

• Can availabIlIty of food become hmItIng?

Can predatIon, contammatIon, human take, or disease play Important roles m
struchIrmg sea otter populatIons?

5 12 1 Introduction

OrganIZmg the research questIons posed by
the mdividual dISCIplInes represented m this

chapter IS the fIrst step m buIldmg the mterdISciplInary team approach that GEM
hopes to foster m Its "core cOmmIttee" process (See Chapter 11/ Program
Management) The hub of SCIentIfIc actIVItIes durmg ImplementatIon will be an
mterdIScIplmary group of seruor sCIentIsts, a core cOmmIttee, each of whom WIll be
chosen to represent a different dISCIplIne m a multIdISCiplInary forum While
dISCIplInary specIaltIes will be more fully represented m subCOmmIttees and work
groups that support the core cOmmIttee, one of the roles of the core COmmIttee IS to
foster multIdISCIplInary thmkmg

512 General Research
Questions

Accordmgly, the general research questIons have been organIZed to emphaSIZe
the need for SCIentIsts from dIfferent dISCIplInes to work together to understand
how the GOA works As explamed more fully m the conceptual foundatIon
dISCUSSIon (Chapter 6)/ the GEM program IS to be built around the questIons of
how mterannual and longer-penod trends m the productIon and dIStrIbutIon of
valued marme resources m the northern GOA reflect cycles m the meteorology, the
underlymg oceanography of the regIon, and the mfluences of man on the dynamICS
and structure of the ecosystem

5 12 2 General Research Questions

The followmg general research questIons are organIZed under three major
lessons from the SCIentifIC background Aspects Important to detectIng and
understandmg changes m all plant and anImal specIes are covered here, although
not all specIes are mentIoned by name
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5 12.2.1 The Importance ofWeather
Patterns m current structure, upwellings and convergences, temperature,

sahmty, and densIty m the waters of the northern GOA are estabhshed m response
to strong external meteorologIcal condItIons affectIng the subarctIc regIon of the
North PacIfIc Ocean and through mteractIons WIth the coastal topography and the
bathymetry of the shelf and coastal regIons

a How vanable-seasonally and annually-are the cross-shelf and along-shore
flows over the shelf and mner coastal regIOns?

b Under what oceanographIc condItIons are shelf eddIes formed, what are
theIr SIZes and how long do they perSISt?

c How are seasonal and mterannual cycles m upper-layer stability mfluenced
by the condItIons of strong or weak AleutIan Low pressure systems?

d How frequently are deep bottom waters m coastal fjords renewed, and how
IS thIs process related to clImate forcmg on seasonal, annual and longer
tIme scales?

e Under what condItIons, where, and durmg whIch seasons are
oceanographIc frontal regIOns formed m the northern GOA? How are these
regIons affected by swmgs m the strength of the AleutIan Low Pressure
system?

5.12.22 The Importance ofNutrient Transport

Pnmary prodUCtIVIty m the euphotIc zone IS controlled by amounts and supply
rates of morganIc nutrIents The deep waters of the GOA contam some of the
hIghest nutrIent concentratIons found anywhere However, the seasonally
permanent pycnoclme between 110 and 150 m generally restrIcts deep ffilXmg and
access to thIs valuable pool

a How do shelf and coastal eddIes, frontal regIons and areas of upwelling
and convergences affect the supply of morgamc nutrIents to the upper
layers under dIfferent condItIons of ocean clImate m the GOA?

b What are the processes by whIch deep and shallow coastal waters become
ennched WIth nutrIents each year? How are nutrIent renewal processes
mfluenced by the broader clImate-forced oceanography of the GOA?

c What role does the mput of fresh water along the northern coastlme play m
supplymg nutrIents and mfluencmg recyclmg from deeper waters? How IS
thIs role affected by varymg ocean clImate on seasonal, annual, and longer
tIme scales?
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d How Important and under what oceanograpluc and meteorologIcal
condItIons are marme-denved nutrIents brought mto coastal watersheds
and mcorporated m the coastal ecology?

e What are the conditIons that proVide sufficIent nutnent resupply to the
surface waters m the fall to promote a fall plankton bloom?

f How does wmter/ early sprmg physIcallprecondItIonmg" of the upper
layers promote or constram plankton productIon through control of
nutrIent supply rates and photosynthesIS m oceamc, shelf, and coastal
waters?

g How IS the energy of the diurnal tIdes used to promote nutnent resupply m
the surface waters at selected locatIons m the northern GOA?

5 J2 2.3 The Importance ofPlankton DynamICS
In the northern GOA, open ocean and shelf/coastal plankton commumtIes

dIffer m therr specIes compOSItIon and annual productIon By defmItIon, deep and
shallow currents dIStrIbute the plankton, and standmg stocks occurnng at specIfIc
tImes and places are the result of local productIVity and the addItIon or dIlutIon of
stocks by advectIon

a Under what phYSICal conditIons and to what extent does the oceamc
plankton commumty mvade the shelf envrronment, mcludmg the coastal
and InsIde waters? What role does the mtrudmg plankton play m the
ecology of the coastal waters?

b What IS the bIOlOgIcal nature of the boundary between the oceamc and shelf
pelagIC ecosystems, and how IS the prImary and secondary prodUCtIVIty m
these regIons phased through tIme and mfluenced by the state of the
AleutIan Low?

c How IS the effiCIency of food-web transfer from plankton to fIShes, brrds,
and mammals mfluenced by varymg levels of the dommant
macrozooplankton, mcludmg large calanOlds, euphausnds, and
amplupods?

d How IS the tIme-varymg spatIal dIStnbutIon of the dommant zooplankton
reflected m seasonal, annual, and longer-penod patterns m eddy
formatIon, frontal regIons, convergences/dIvergences, and cross-shelf and
along-shore flows?

e What are the mteractIng phYSICal and bIOlogICal processes that establISh
levels of recruItment m plankton and nearshore bentluc commumtIes? How
do these processes vary under dIfferent conditIons of the AleutIan Low
pressure system?

f How can the effects of human mfluences on the near-shore benthos be
dIStInguIShed from natural perturbatIons?
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5.1.22.4 The Importance ofTrophIc DynamIcs
The transfer of energy m food webs (trophIC dynanucs) suppomng fIshes,

buds, and mammals IS mfIuenced by the composItIon of the forage and Its quahty
and aVaIlability The behaVIOrs of forage speCIes that result m seasonal
swarmmg/schoohng or layermg prOVIde enhanced opportumtIes for food web
transfers External factors hke fIshmg, huntIng, and contanunant levels may

sIgrnfIcantly affect populatIon structure and SIZe, thereby altermg food webs

a How does the speCIes composItIon and quantIty of small schoohng fIshes m
shelf and coastal habItats reflect the state of the cychng ocean chmate m the
northern GOA?

b In what way do the condItIons that favor the concentratIon of forage speCIes
also favor theu levels of prodUCtIVIty?

c How do fluctuatIons m abundance and speCIes composItIon of forage stocks
and hIgher level consumers reflect theu umque lIfe hIStory strategIes under
dIfferent condItIons of ocean chmate-wmter, sprmg, andsummer
spawners?

d How does mterspecmc competItIon for food resources among forage fIshes
affect theu dIStrIbutIons and rates of productIon?

e How does the dIStrIbutIon and abundance of forage speCIes reflect losses to

predators?

f How do chmate-forced shIfts m the speCIes composItIon and abundance of

forage specIes control seabud populatIons?

g How can the mfIuences of prey avaIlability on seabud abundance be
separated from the effects of regIonal scale propertIes unIque to colony
locatIons, hke glaCIers?

h What IS the relatIonshIp between commerCIal fIshmg and the abundance of
seabud populatIons?

I Do local trends m the abundance of murres and kIttIwakes reflect
mesoscale or regIOnal scale chmate and oceanographIc processes affectIng

prey avaIlability?

To what extent are fIsh, seabud, and mammal stocks affected by top down

mfIuences, mdudmg fIshmg and other harvest practIces?

k How IS the reCruItment to fIsh and shellfISh stocks WIth pelagIC eggs and
larvae mfIuenced by vanable transport processes connectIng WIth nursery
areas?

How do chmate-mfluenced transport mechamsms mfIuence the
dIStrIbutIons of the dnftIng larvae of benthIc populatIons relatIve to
SUItable settlement substrates?
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m What ltfe lustory strategtes or other populatIon charactenstIcs of
arrowtooth flounder cause tlus specIes to be so abundant and Widespread?

n How well are the specIes composItIon, relatIve abundance and trophIc
structure of fIsh and shellflsh commurutIes understood based on current
samplmg and analysIS procedures?

o How can long-term trends m salmon productIon be explamed by clImate
mduced changes m ocean prodUctIVIty and varIatIons m fIshmg?

p How IS salmon productIon controlled by ecologtcal processes m the ocean?
How can mdlVidual stocks be IdentlfIed?

q How vanable IS the ocean growth, illlgratory tmung and dIStrIbutIon of
salmon, and how IS tlus related to aspects of ocean chmate?

r What are the annual levels of ocean productIon of salmon by regton of
ongm?

s How IS the abundance and dIStrIbutIon of marme mammals related to the
availability of forage stocks?

t How IS he abundance of manne mammal populatIons related to the
removals of prey by fIshmg?

u How IS the abundance of marme mammal populatIons related to the body
burden of marme contammants?

v WhIch ltfe lustory stages of fIShes, seabIrds and marme mammals are most
at rISk to chmate change and whIch to human mfluences?
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6. CONCEPTUAL FOUNDATION

In ThIs Chapter

~ ExplanatIon and role of the conceptual foundatIon

~ IdentIfIcatIon and mteractIon of key ecologIcal factors

~ DescnptIon of the central and supportIng hypotheses

The conceptual foundatIon IS an Idea, or model, of
6.1 Introduction how the manne ecosystem m the GOA works It

IS based on the key ecologIcal concepts below and
on the sCIentIfIc background provIded m Chapter 5 Tlus chapter provIdes fIve
pnrnary tOpICS of mformatIon

1 ExplanatIon of the role of the conceptual foundatIon m the GEM program

2 IntroductIon of some key ecologIcal concepts to explarn generally how
natural forces and human actIons affect populatIons of organISms and
bIOdIversIty m marme ecosystems

The conceptual foundation
focuses on how the marine

ecosystem In the GOA works

3 lllustratIon of how the partIcular condItIons m the GOA appear to affect
ecosystem productIon patterns from the coastal watersheds out to the
center of the GOA Examples of these condItIons
are large mputs of nutnent-poor fresh water,
strong annosphenc low pressure m wmter,
persIStent coastal downwellmg, and presence of
gyres and eddIes

6 2 Role of the
Conceptual Foundation
mGEM

\
'--

4 DISCUSSIon of how regIonal ecolOgIcal dIfferences, such as those between
PWS and Lower Cook Inlet, may arISe as a result of local dIfferences m the
mteractIon between phYSIcal forces (tIdes, wmds, and currents), geography,
oceanography, and human uses

5 PresentatIon of Ideas about how multI-annual and multI-decadal changes m
natural and human use factors may produce long-term changes m
populatIons of valued anImals

In FIgure 19, the relatIonshIp of the conceptual
foundatIon to the other GEM program elements
and actIVItIes IS depIcted BUlldmg on the mISSIon
and goals establIshed by the Trustee CouncIl, the
foundatIon encapsulates the Trustee CouncIl's

understandmg of how the GOA operates as an ecolOgIcal system and how Its
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valued populahOns of ammals are regulated Therefore, the conceptual foundahon
IS at the plulosoplucal and sCIentIftc center of the GEM program

The conceptual foundahon IS the product of ongomg synthesIS and modelmg,
and the ftrst Iterahon, presented m thIs chapter, IS based on the sCIentIftc
background m Chapter 5 The conceptual foundahon IS not stahc, It changes as the
understandmg of the GOA marme ecosystem changes Therefore, the conceptual
foundahon IS an mtegral element m the adaphve management of the GEM program
and m marme SCIence The central GEM hypothesIS IS denved from the conceptual
foundahon, and the central hypOthesIS m turn prompts key queshons that the
program elements answer It IS expected, then, that as the GEM program and allied
efforts Improve understandmg of how the GOA ecosystem works, new syntheses
and modelmg efforts will allow the conceptual foundahon to be updated and
modmed to better reflect the reahhes of nature and man's place m It The basIC
understandmg of the control of changes m produchvIhes of bIologIcal resources IS
summarIZed m the central hypothesIS that the conceptual foundahon supports

6.2.1 HypothesIs and Questions for Momtormg and Research

In summarlZIDg current Ideas of how human achons and natural forces change
hvmg marme resources, the conceptual foundahon proVIdes a model of reahty
Teshng thIs model reqUIres frammg the hypotheses and queshons that are the
foundahon for any momtormg and research program As fully developed m
Sechon 6 6, the mtellectual framework of the GEM program IS a luerarchy
composed of a central hypothesIS, a central queshon developed from the
hypothesIS, key queshons that relate the central queshon to habItat types, specmc
queshons relahng to the key queshons, and ulhmately, testable hypotheses based
on the specmc queshons (see OverVIew)

The central hYPOthesIS and the central and key queshons are presented below,
to prOVIde context for revIewmg the mformahon on current momtormg and
research m the GOA that follows (Chapter 7) Specmc queshons for each key
queshon, the next level of detail m the luerarchy of queshons, are presented m
Chapter 8 The mformahon needed to answer specIftc queshons and to better
understand aSSOCIated ecologIcal processes prOVIde the starhng pomts for
Implemenhng the momtormg program (Chapters 9 to 11) Note that the current
luerarchy of queshons does not mclude testable hypotheses The process of
Implementahon starts at the level of specmc queshons that are to be developed mto
testable hypotheses durmg the sCIentIftc advISory process (Chapter 11)

All antrnals and plants m the oceans ulhmately
6.3 Key Ecological rely on energy from the sun or, m some specIal
Concepts cases, on chemIcal energy from WIthm the earth

The amount of solar energy converted to hvmg
matenal determmes the level of ecosystem produchon (total amount of hvmg
matenal and at what rate It IS produced) As a rule of thumb, populahons of

r ~ mWVIdual SpecIes (such as salmon, herrmg, and harbor seals) cannot exceed about
~)
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10% of the bIOmass of theIr prey populatIons (about the average converSIOn of prey
to predator bIOmass) Therefore, the amount of energy that gets mcorporated mto
hvmg matenal and the processes that dehver thIS matenal as food and energy to
each specres are key factors mfluencmg reproductIon, growth, and death m specres
of concern Increases m prey, other factors such as habItat bemg equal, generally
allow populatIons to mcrease through growth and reproductIon of mdIvidual
members At the same tIme, there are factors that lead to decreases m populatIons
decreases m sUItable habItat, decreases m growth and reproductIon, and mcreases
m rate of removal (death) of mdIVlduals from the populatIon As a result, the
combmed effects of natural forces and human actIons that determme food supply
(bottom-up forces), habItat (bottom-up and top down forces), and removals (top
down forces) detennme the SIZe of the populatIon of any anImals of concern by
controllmg reproductIon, growth, and death

6 3 1 Control of Primary Production

The vast maJonty of the energy that supports ecosystems m the GOA comes
from capture, or fIxatIon, of solar energy m the surface waters How much of thIS
energy IS captured by plants m the ocean's surface layer and watersheds and
passed on ultImately determmes how much bIomass and productIon occur at all
levels m the ecosystem Capture of solar energy by plants m the oceans and
watersheds and the converSIon of solar energy to hvmg tIssue (pnrnary
productIon) depends on several mteractIng forces and condItIons that vary wIdely
from place to place, season to season, and year to year as well as between decades
Needless to say, WIthout a clear understandmg of how these changes from place to
place and from tIme to tIme occur, It will never be possIble to understand the most
Important aspects of ecolOgical change m the GOA The process of captunng solar
energy IS explamed below

FIrst, because usable sunlIght only penetrates a few hundred feet mto the
ocean, pnrnary productIon occurs only m thIS relatIvely shallow photIc zone In
watersheds, cloud cover and shadmg playa larger role m vanability of
productIvIty Nommally the photIc zone extends to 100 m or deeper below the
surface, but the depth varIes accordmg to water clanty and angle of the sun to the
water surface Second, plants that fIx thIS energy, by usmg It to make SImple sugars
out of carbon diOXIde and water, depend on nutrIents, whIch are absorbed by the
plants as they grow and reproduce Solar energy that IS not captured by plants m
the ocean warms the surface waters, makmg It less dense than the water beneath
the photIc zone, whIch causes layermg of the water masses A contInuous supply
of nutrIents to the surface waters IS necessary to mamtam plant productIon
LIkewISe, terrestrIal plants depend on nutrIents carned from the ocean by
anadramous fISh Because the deep water of the GOA IS the mam reservOIr of
nutrIents for shallow waters, and apparently also an Important source for
watersheds, the processes that brmg nutrIents to the surface and mto the
watersheds are key to understandmg pnrnary, therefore ecosystem, prodUctIvIty
Changes m nutrIent supply on tIme scales of days to decades and space scales from
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kIlometers to hundreds of kIlometers have Important Impacts on pnmary
producnon, generatIng perhaps as much as a thousand-fold dIfferences m the
amount of solar energy that IS captured by the hvmg ecosystem NutrIent supply
from the deep water IS mfluenced by the propernes of the shallower water above
(mamly because of the decreasmg densIty of the water toward the surface)
Nutnent supply IS also mfluenced by physIcal forces that can overcome the densIty
dIfferences between deep and shallow water-namely, wmd actIng on the water
surface and ndal nuxmg For watersheds, nutrIent supply apparently depends
strongly on bIOlOgIcal transport of marme rntrogen by salmon, whIch dIe and
release theIr nutnents m freshwater

As demonstrated m the sCIenttfIc background m Chapter 5, the knowledge of
nutnent supply m the GOA, both how It occurs and how It may be changed on
muln-year and muln-decadal scales IS very rudImentary As the energy of the
wmd and ndes nuxes surface and deeper water, It not only bnngs nutrIents to the
surface layers, but also nuxes algae that fIx the solar energy down and out of the
phonc zone, whIch tends to decrease pnmary producnon Therefore, other factors
bemg equal, contInuous hIgh pnmary producnon m the spnng-summer growmg
season IS a balance between enough wmd and ndal nuxmg to brmg new nutrIents
to the surface, but not so much wmd or ndal nuxmg that would send algal
populanons to deep water The seasonal changes m downwellmg, solar energy,
and water strattfIcanon that set up the annual plankton bloom are descnbed m
Secnon 5 6 of the sCIenttfIc background As noted m that secnon, however, It IS not
well understood how dIfferences m phYSICal forces from year to year and decade to
decade change pnmary productton many fold m any partIcular place

6 3 2 Change In Populabons and Production of Valued Species

Although productton at the base of the food web ultlmately determmes
ecosystem producnvIty, the abundance of any parncular populanon depends on
three thmgs affectIng the populanon ImmedIate food supply (prey), removals
(mortahty), and habItat

Increases m food supply will translate to populanon mcrease, all other factors
bemg equal The allocanon of energy m each mdIvIdualIS key to growth of the
populanqn It belongs to Food supply IS converted mto populanon bIOmass
through growth and reproducnon of mdIvIduals m specIfIc favorable habItats
Therefore, factors m the habItat such as water temperature, dIStnbunon of prey,
and contammants that can mfluence the allocanon of food energy to the followmg
will mfluence the populanon SIZe chasmg and capturmg prey, keepmg body
temperature mamtamed (for homeothenns), growth, and reproductton

Removals are all the processes that result m loss of mdIVIduals from the
populanon, or mortahty These processes mc1ude death from contammanon,
human harvest, predanon, dISease, and competInon For example, harvest of a
large propornon of the largest and most fecund fISh m a populanon will soon
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u decrease the populatIon, as would a VIrulent VIruS or the appearance of a voraCIOUS
predator m large numbers

Also mcluded under the category of removals IS any factor that negatIvely
affects growth or reproductIve rate of mdIVIduals, because such factors can
decrease populatIon SIZe Contammants are consIdered potentIal removals because
of the followmg possIble effects

• Causmg damage that makes energy utIlIzatIon less effiCIent and reqUIres
energy for repaIrs,

• Interfermg WIth molecular receptors that are part of the regulatory
machmery for energy allocatIon, and

• Damagmg Immune systelllS that make disease more lIkely, and

• OutrIght killmg organISlllS at hIgh concentratIons

6.4 Interactions of Key 6 4 1 From Watersheds to
the Central Gulf

Ecological Factors
The exammatIon of how these key concepts fIt

mto the real ecosystem of the GOA rehes on the
key ecolOgical factors of total phYSICal forcmg and pnmary productIVIty as well as
food, habItat, and removals as the mam theoretIcal controls on the ecosystem and
Its anImal populatIons Total annual pnmary productIvIty, natural controls on
populatIons, and human mfluences change from the edge of watershed to the
central GOA These changes are related to the phYSICal processes and geographIc
features depIcted m FIgure 20, a cross sectIon of the GOA from the top of the
eastern rmgmg mountams out past the contInental shelf slope Some key bIOlOgical
features are also depIcted m thIS fIgure

( )
\------
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Figure 20. Diagram of the northern GOA showing connections among plants and animals, natural forces, and human actions. (J. Allen Alaska Digital Graphics)
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6 4 2 Watersheds

Watersheds are lmked by geochemIcal cycles and by common clImatIc forcmg
to the marme ecosystem Input of terrestrIal carbon contnbutes to the carbon
budget of the oceans In addItIon, the mcorporatIon of carbon dIQ)ade by marme
plants acts as a pump that potentIally sequesters amounts of carbon for long
penods of tIme m the oceans

6421, Physical Forcmg andPrimary Production
Pnmary natural forces are precIpItatIon and InSolatIon Watersheds depend on

Import of marme nutrIents by anadromous fIsh and other ammals Therefore,
mamtenance of healthy salmon runs and populatIons of terrestrIal anImals that
feed m the nearshore marme enVIronment IS key to healthy watershed ecosystems
Woody debrIS and vegetatIon from land are also Imported to the marme
envIronment, proVIdmg a carbon source and habItat for some speCIes The
common effects of clImate also lmk these two systems Fresh water from coastal
watersheds contrIbutes huge amounts of fresh water to the GOA and makes
possIble the ACC-the smgle most dommant and mtegratIng feature of the phYSICal
envIronment on the contInental shelf

6.4.2.2 Food, Habitat, andRemovals of ValuedSpecies
Human actIVItIes m the watersheds that remove natural vegetatIon can result m

soil erOSIOn and Its attendant effects on stream and coastal marme lIfe Fresh water
can carry contammants to the marme enVIronment Sources of these contammants
can be of local ongm-sewage and septIc wastes, mdustnal and military wastes,
motor vehtcles, and oil from spIlls-or Imported from dIStant sources and carned
across the PacIfIc Ocean by annosphenc processes

6 4 3 Nearshore

The nearshore IS technIcally a part of the ACC regtme m most places, except
arguably m some embayments, such as the fjord systems m northern PWS But,
because of the Importance and vulnerabilIty of the mterhdal and shallow subtIdal
areas and the dependence of so many valued speCIes on nearshore habItat, It IS
treated separately here from the ACC

643 1, PhySical Forcmg andPrimary Production
The productIvIty of nearshore marme communItIes depends on both fIxed

algae and some other vascular plants m shallow water, as well as free-floatIng
phytoplankton (Table 16) NutrIent supply to fIxed plants IS not well charactenzed,
but presumably IS controlled by oceanographIc processes and seasonal cycles of
water turnover on the mner shelf as well as some contnbutIons from stream runoff
ThIS process of nutrIent supply IS essentIally the same as for nearshore
phytoplankton UltImately, as mentIoned m SectIon 5 5, the run up of deepwater
from the central GOA onto the shelf and some poorly charactenzed processes for
cross-shelf transport of the nutnents are cntIcal to both growth of fIxed and floatIng
nearshore algae The nearshore waters can be depleted of nutrIents durmg the
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Table 16 RepresentatlveTrophlc Groups of the Northern Gulf of Alaska Arranged m
Descendmg Order by Trophic Level

Group name
Trophic Biomass PIB Q/B
Level (t km 2 year 1) (yr 1) (yr 1)

Orcas 498 0003 0050 8285

Sharks 481 0700 0100 2100

Pacific halibut 459 0677 0320 1730

Small cetaceans (porpoises) 452 0015 0150 29200

Pmnlpeds (harbor seal & sea lion) 445 0066 0060 25550

Lmgcod 433 0077 0580 3300

Sablefish 429 0293 0566 6420

Arrowtooth flounder adult 425 4000 0220 3030

Adult salmon 417 1034 6476 13000

Pacific cod 414 0300 1200 4000

Arrowtooth flounder Juvenile 401 0855 0220 3030

AVian predators 389 0002 5000 36500

Seabirds 378 0011 7800 15060

Deep demersals fish (skates and
378 0960 0930 3210

flatfishes)

Pollock age 1+ 376 7480 0707 2559
'-~

Rockfish 374 1016 0170 3440

Baleen whales 365 0149 0050 10900

Salmon fry 0 12 cm 351 0072 7154 62800

Nearshore demersal fish (greenling
335 4200 1000 4240and sculpm)

Squid 326 3000 3000 15000

Eulachon 325 0371 2000 18000

Sea otters 323 0045 0130 117000

Deep eplbenthos 316 30000 3000 10000

Capelin 311 0367 3500 18000

Adult hemng 310 2810 0540 18000

Pollock age 0 307 0110 2340 16180

Shallow large eplbenthos 307 3100 2100 10000

Invert-eat bird 307 0005 0200 450500

Sandlance 306 0595 2000 18000

Juvenile hernng 303 13406 0729 18000

Jellies 296 6390 8820 29410

Deep small mfauna 225 49400 3000 23000

Near omnl zooplankton 225 0103 7900 26333

,
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Table 16. RepresentativeTrophic Groups of the Northern Gulf of Alaska Arranged in
Descending Order by Trophic Level.

Group name Trophic Biomass P/B Q/B
Level (t km·2 · year·1) (y(1) (y(1)

Omni-zooplankton 2.25 24.635 11.060 22.130

Shallow small infauna 2.18 51.500 3.800 23.000

Meiofauna 2.11 4.475 4.500 22.500

Deep large infauna 2.10 28.350 0.600 23.000

Shallow small epibenthos 2.05 26.100 2.300 10.000

Shallow large infauna (clams, etc.) 2.00 12.500 0.600 23.000

Near herbi-zooplankton 2.00 0.136 27.000 90.000

Herbi-zooplankton 2.00 30.000 24.000 50.000

Near phytoplkton 1.00 5.326 190.000 0.000

Offshore phytoplankton 1.00 10.672 190.000 0.000

Macroalgae/eelgras 1.00 125.250 5.000 0.000

Inshore detritus 1.00 3.000

Offshore detritus 1.00 4.500

NOTES: Bold values were calculated by the Ecopath software.

P/B is production/biomass.

Source: After Table 74 Okey and Pauly 1998
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growmg season If the warm surface layers where prunary productIVIty IS drawmg
down nutrIents IS not ffilXed WIth deeper waters by wmd and tIdal actIon Wlthm
season vanability m pnmary productIon, therefore, appears to depend on the
prevIous late summer run up of deepwater onto the shelf, some poorly descnbed
cross-shelf transport processes, and wlthm-growmg season wmd and tIdal ffilXmg

Cloud cover IS hkely also very lffiportant m regulatIng the amount of solar
energy reachmg the ocean surface Nearshore turbulence, wmch IS the result of the
prevailing chmate and tIdal actIon, promotes the growth of algae and
phytoplankton These plants are the food supphes for fllter-feedmg molluscs, such
as clams and mussels, that are such lffiportant sources of food for a vanety of
nearshore anImals, such as sea otters and sea ducks Chmate also dIrectly affects
mtertIdal and subtIdal anlffials through changes of temperature, water Salmlty, and
Ice formatIon Ice formatIon IS an lffiportant source of mortalIty and reduced
growth of mtertIdal algae and some anlffial populatIons m some SItuatIons It IS
suspected that bottom-up forcmg through vanability of prlffiary productIon IS an
lffiportant mfluence on mtertIdal mvertebrate commurutIes on the scale of decades,
but there are no long-term data sets to examme thIS SuppOSItIon If wave actIon IS
too mtense, It can hmlt populatIon growth, for example, waves dunng storms
often throw large amounts of herrmg eggs (embryos) onto the beach where they
dIe

"
In addItIon to these natural factors, human use of the nearshore zone (such as

for coohng, receptIon of eroded soli, and phYSIcal dIsruptIon of attached plants)
and human accIdental releases of tOXIC matenals have the potentIal to affect
nearshore prlffiary productIon At the present tIme, It appears that the mfluences
of natural forces on basm and regIOnal scales m nearshore ecosystem prodUCtIVIty
are overwhelmmg and that human mfluences are neghgtble, except m local areas
(such as harbor contammatIon)

64.32 Food, Habitat, andRemovals of Valued Species
A large number of nearshore anImal populatIons respond to both bottom-up

and top-down natural forcmg as well as to human factors Bottom-up forcmg
appears to have more documented effects on such populatIons as herrmg, pollock,
shrunp, crab, salmon, and seabIrds than has been documented for mfaunal and
mtertIdal anlffials There are good examples of control of populatIons by removals
(top-down mfluences), and many of these relatIonsmps, such as that between sea
urch1ns and otters, are cIted m SectIon 5 7 DISease pOSSIbly mfluences some
populatIons, such as VIral Hemorrhagtc SeptIceffila vrrus effects on Pacmc herrmg
mPWS

The mtertIdal and nearshore benthos IS partIcularly vulnerable to human use
through harvestIng of vanous mvertebrates, tramphng, release of contaffilnants,
road and home constructIon, and harvest-related soli erOSIOn At the present tIme,
lffipacts of such actIVItIes appear to be 10ca1lzed only, because of the dISpersed
nature of human lffipacts along the vast coastIme of the northern GOA These
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sentInel populatIons may need to be momtored more closely, however, as Alaska's
populatIon and use of the nearshore zone expands m the future

6 4 4 Alaska Coastal Current

As noted above, the domam of the ACC m many cases starts at the shorelme
and extends out to a frontal area several tens of kIlometers onto the contInental
shelf The mshore boundary of thIS current system IS not precISely defmed m thIS
subsectIon because the nearshore aspects of the ecosystem have been covered
above

6.4.4.1 PhySical Forcmg and Primary Production
Because the ACC IS a buoyant, low-sallllity, eastern boundary current fed

essentIally by a lme-source of fresh water along the length of the Alaska coastlme, It
offers a umque opportumty to study basm-scale phYSICal forcmg of bIologIcal
productIon Although one characterIStIc of the ACC IS the draw-down of nutrIents
durmg the growmg season to levels that are undetectable, the m-season vanability,
clearly dnven by patterns m the aforementIoned wmd mIXmg, IS very sIgmfIcant
A proffilSmg model developed by Eslmger et al (2001) IS capable of trackmg the m
season vanabIlIty of plankton productIon based on the phYSIC al characterIStIcs of
the water column and the wmd fIeld The extent to whIch patterns of seasonal
wmd mIxmg IS the major contrIbutor to longer-term varIability m prImary
prodUCtIVIty IS not clear TIdal mIxmg lIkely contrIbutes, as do other potentIal
mechanISms that transport deep-water nutrIents mto shallow waters, for example,
late-summer relaxatIon of Ekman transport and up-canyon currents

Annual vanability of nutrIent supply lIkely has a great mfluence on long-term
varIability m pnmary productIon For example, thIS mfluence would be consIStent
WIth the relatIonshIp between the Bakun upwellmg mdex and pmk salmon manne
survIVal rates up to 1990 (see SectIon 5 6) and the dIfferences observed between the
volumes of settled plankton m the 1980s and the 1990s (E, Brown, unpublIShed)

Another phYSICal phenomenon that apparently affects bIOlOgIcal productIon m
the water column IS eddIes EddIes have been documented, for example, m
ShelIkof StraIt and greatly mfIuence retentIon of larval pollock m a favorable
enVIronment Beyond theIr study m the FOCI program, not much IS known
generally about eddIes m the ACC and theIr bIOlOgIcal mfluences There are also
eddIes m Katchemak Bay, some of whIch are stratIfIed at the surface by freshwater
mputs that may SImIlarly benefIt pelagIC speCIes there and off Kayak Island
southeast of PWS Fmally, the southerly and easterly wmds that predommate
durmg most of the year drIve offshore water mshore, Ekman transport, carrymg
offshore planktomc organISms close to shore and provIdmg potentIal sources of
food for nearshore organISms, such as JUvenIle pmk salmon

Fmally, the outer edge of the ACC often forms a front WIth the water masses
seaward of It ThIs front IS characterIZed by strong convergence of offshore and
mshore water masses and sIgmfIcant downward water velOCItIes It appears at
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tImes to concentrate plankton, nekton, fIsh, and bIrds, and IS probably an Important
sIte for trophIc mteractIons

6.4.4.2 Food, Habitat, andRemovals of Valued Species
Many of the types of natlIral and human mfluences that affected the nearshore

specIes apply also to the ACC ThIs smulanty IS due m part to the fact that many
speaes cross between the nearshore enVIronment and deeper waters Bottom-up
forcmg appears to be of great Importance, because areas of the ACC WIth hIgh
levels of chlorophyll a durmg the growmg season and VIgorous vertIcal nuxmg,
such as Lower Cook Inlet, also support large populatIons of fIshes, seabIrds, and
marme mammals The ACC IS the mam domam m whIch the productIve fIshenes
of the GOA are prosecuted for both pelagIc and benthIc SpecIes Consequently,
human mfluences are potentIally qUIte large aspect of removals Other human
mfluences mclude contamInants (possIbly) and long-term global warmmg

6 4.5 Alaska Current and the Subarctic Gyre

6.45.1 PhySical Forcmg andPnmary Production
In the Alaska Current and the subarctIc gyre, forang by wmds assocIated WIth

the AleutIan Low pressure system have a profound effect on productIon and
shoreward transport of plankton ProductIon and shoreward transport of plankton
IS determmed by the followmg

• Upwellmg at the center of the subarctIc gyre,(

~'

•

•

Depth of the nuxed layer (freshwater and solar energy mput set up the
nuxed surface layer where prImary productIon takes place),

POSSIble upwellmg of nutrIents along the contInental slope and at the shelf
break where the shelf break front may dIrect upwelled water toward the
surface, and

•

u

FormatIon of eddIes along the shelf break that may mcubate plankton m a
favorable enVIronment for productIon and be mechanISms of exchange
between offshore and shelf water masses IndIVIdual eddIes may perSISt for
months and are therefore potentIally Important m anyone growmg season

The contrasts m bIOlogIcal productIon and shoreward transport of plankton
between mtense and relaxed AleutIan Low pressure condItIons m the Alaska
Current regIon and the subarctIc gyre are profound In penods WIth more negatIve
atmosphenc pressure that IS keyed by the northeastern movement of the ALP mto
the GOA m wmter, the followmg mterrelated phYSICal changes are observed

• AcceleratIon of the eyclomc motIon of the Alaska Current and subarctIc
gyre,

• Increased upwellmg m the mIddle of the subarctIc gyre (and pOSSIbly along
the contInental shelf),
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• Entramment of more of the west wmd dnft (southerly portion of the
subarctic gyre) northward mto the GOA, rather than mto the CalIfornIa
Current system, Warmer surface-water temperatures,

• Increased preCIpItation and fresh water runoff from land,

• Freshenmg of the surface layer,

• Increased wmds and Ekman transport, and

• Increased onshore downwellmg

These phenomena are thought to cause the followmg bIOlogIcal changes

• The result of the shallower ffilXed surface layer IS that the sprmg plankton
production IS lIkely hIgher (remember that nutrIents may not lImIting m the
subarctic gyre)

• Greater standmg crops of zooplankton and nekton that have been observed
are probably made pOSSIble by the hIgher prodUCtiVIty of the
phytoplankton

• More food IS available for the fISh that feed on plankton and nekton, such
as salmon

• Salmon populations track mean atInosphenc pressure for the wmterhme
sea surface on scales of decades

In addItion to the multI-decadal oscillations of atInosphenc pressure, cllffiate
changes manIfested m the northern GOA also mclude penodic El Nmos and the
long-term warmmg of the oceans El Nmos have been assOCIated WIth successful
recruItment of a senes of groundfISh speCIes, such as pollock, as well as some dIe
off of seabIrds Because the El Nmo phenomenon appears to be manIfested solely
m warmmg of the upper 200 m of the ocean, Its bIOlOgical effects are probably
medIated through water stratIfIcation and Its relationshIp to prlffiary production
and growth of larval fISh

6.45.2 Food, Habitat, andRemovals of ValuedSpecies
The Alaska Current IS centered over the shelf break, an area of hIgh bIOlOgical

actiVIty The hIgh concentrations of plankton observed at the shelf break, whether
they result from accumulation of plankton ongmatIng further offshore, m SItu
production, or both, prOVIde a nch resource for a vanety of organISms and theIr
predators It IS not clear that JUvenile salmon feed m thIs regtme, but adults of all
speCIes certamly do Other promment orgamsms mclude sablefISh, myctophIds
(lantern fISh), sea lIons, some seabIrds, and whales Well-developed benthIc
commumtIes eXISt on the outer shelf, shelf beak, and continental slope, mcludmg
commerCIally explOIted populations of shnmp, crab, cod, halIbut, and pollock
Some fIShmg actiVIties, such as bottom trawlmg, have the potential to do habItat
damage and pOSSIbly hmIt populations of anlffials assocIated WIth the sea bottom
Issues aSSOCIated WIth the balance between productIon and removals of
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commerCially llllportant speCies are of the utmost socletalllllportance m Alaska
and further ecologIcal InformatIon, modelmg, and synthesIS centered on the Alaska
Current reglllle IS necessary

In general, regIonal dIfferences m populatIons
of fIShes, bIrds, and marme mammals m the
northern GOA are well known, but the underlymg
mteractmg ecolOgIcal factors that gIve rISe to these
dIfferences are not as well understood In thIS

sectIon, some of the observed regIonal dIfferences and some potentIal reasons
underlymg them are advanced These explanatIons of regIonal dIfferences are
based on mcomplete or pIecemeal eVIdence, but thIS speculatIon IS llllportant
because It may lead to further study and analysIS, and to new understandmg
ComparatIve analysIS of mteractmg factors m several regIons may better clanfy the
role of varIOUS geographIc features, phySIcal forcmg, and bIOlOgIcal consequences
m the northern GOA, as was emphasIZed m relatIon to seabIrds (SectIon 5 9)
Because there IS so much homogeneIty m the ACC, m partIrular, what happens m
PWS, along the Kenai Penmsula, m Outer and MIddle Cook Inlet, and m the
Shehkof Strait may well represent four dIfferent fIeld experllllents m the same body
of water

One of the most promment regIonal contrasts IS dIfferent levels of ecosystem
( prodUCtIVity apparent m Lower Cook Inlet and PWS It IS relatIvely clear from
V' satellite measurements of surface-water chlorophyll a and the large populatIons of

forage fIShes, seabIrds, and marme mammals that occur there that the Lower Cook
Inlet area IS extremely productIve m the summer growmg season relatIve to PWS
SatellIte data for the sea surface temperatures mdicate that cold deep water, whIch
IS presumably also nch m plant nutrIents, IS on the surface whenever llllages are
avaIlable, and m satellite llllages taken at the same tImes, PWS appears to have
warmer surface water The strong ffilXmg that brmgs deeper water to the surface m
thIS area IS probably largely tIdal m nature VIgorous moong IS encouraged by the
followmg

• The local geography and oceanography, such as the large tIde range,

• The large volume of water that IS exchanged WIth each tIdal cycle, and

• The narrow entrances to Outer Cook Inlet relatIve to the area of Cook Inlet

Another regIonal dIfference on a somewhat smaller scale occurs Wlthm Cook
Inlet Itself In Cook Inlet, studIes of forage fISh abundance and seabIrd populatIons
at Gull Island on the eastern SIde and ChISIk Island on the western SIde prOVide an
mterestmg contrast that strongly suggests phYSICal forcmg on seabIrd populatIons
At Gull Island, populatIons of all major seabIrds have been mcreasmg durmg the
last 20 years, and at ChISIk Island the OppOSIte trend has occurred ThIS dIfference
appears to be caused by marme-mfluenced conditIons near Gull Island where the
food web probably has much greater access to deep-water nutrIent sources At
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Clrullk Island, however, the system IS strongly mfluenced by nutnent-poor, silty
freshwater runoff from the major glacIal nvers of northern Cook Inlet, and only
meager populatIons of forage fISh eXISt WIthIn the foragmg range of most specIes
It appears that WIth a warmer clImate and more runoff, the dynamIC balance
between fresher water commg down the western SIde of Cook Inlet and saltIer
offshore water entermg Stevenson and Kennedy entrances has been slufted to make
ChISIk Island less productIve and Gull Island more productIve EddIes, whIch have
been known to eXISt for some tIme near Gull Island m Kachemak Bay, have recently
been shown to proVIde a less-dense surface lens m whIch forage fISh favorable to
seabIrds reSIde

Another example of shapmg Important dIfferences m ecolOgIcal productIon by
regIonal dIfferences m geography and phYSICal forcmg IS the eddy system m
ShelIkof StraIt As mentIoned above, thIS system has been extensIvely explored and
modeled dunng the FOCI program Tlus eddy retaIns larval pollock m relatIvely
favorable condItIons for growth, and allows them to eventually contrIbute to the
Important pollock fIShery m the northern Gulf

The followmg have demonstrated Important subregIonal ecolOgIcal dIfferences
between northern and southern PWS as well as eastern and western PWS

• The Trustee Council's SEA program,

• Hatchery productIon records, and

• Other StudIes, such as those carned out on kIttIwake reproductIon

The pattern of some dIfferences may have changed on a decadal scale The
followmg regIonal dIfferences are apparent m PWS

• ReSIdence tIme of water m dIfferent portIons of PWS, WIth longer reSIdence
tIme m the northern portIons of the sound that have more restncted water
CIrculatIon,

• Degree of mcurslon of the ACC mto the sound, whIch appears to vary
annually,

• GlaCIal runoff, whIch IS greater m the north and east, and

• Extent of subtIdal habItat, whIch IS greater m the eastern portIons of PWS

66.1 Central HypotheSIS

The central hypOthesIS Natural forces and
human actIons workmg over global to local scales
brmg about short term and long lastIng changes m
the bIOlOgIcal commumtIes that support buds,
fISh, shellfISh and mammals Natural forces and

human actIons brmg about change by altermg relatIonshIps among defmmg
characterIStIcs of habItats and ecosystems such as heat and salt dIStnbutIon,

6 6 Central HypotheSIs,
Central Question, and
Key Questions by
Habitat Type

246 PART II, OiAPTER 6



GULF ECOSYSTEM MONITORING AND RESEARCH PlAN

1,,--) rnsolahon, bIOlogical energy flow, freshwater flow, bIOgeochemIcal cycles, food
web structure, fishery Impacts, and pollutant levels

The central hypothesIS states wIdely held, but largely unproven, bellefs about
what dnves changes m llvmg manne-related resources m hme and space Current
speculahons supported by 1lmlted observahons are that forcmg by wmds,
preClpltahon, predahon, currents, natural compehtors for food and habItat,
fIShenes, and pollutants change llvmg marme-related resources over dIfferent
scales of hme and space through alterahon of cnhcal properhes of habItats and
ecosystems

Havmg an appreClahon for the scales of hme and space over whIch the
processes responsIble for bIOlogical produchon occur IS essenhal for deslgnmg
momtormg and research mtended to detect and understand changes m the
ecosystem To understand the composlhon and extent of ecosystems, It IS
necessary to ask and answer queshons about the dIStances and hme assoCIated WIth
the vanahon m the bIOlogical and phYSIcal phenomena As stated eloquently by
Ricklefs (1990) (p 169), "Every phenomenon, regardless of Its scale m space and
hme, mcludes fIner scale processes and patterns and IS embedded m a matrIX of
processes and patterns havmg larger dlffiensIOns" Indeed, spahal and temporal
scales are part of the defmlhons of phYSICal and bIOlOgical processes such as
advechon and growth Takmg account of spahal and temporal scales IS cnhcal to
studymg lmkages between natural forces bIOlOgical responses (FrancIS et al 1998)

6 6 2 Central and Key Questions

The central hypothesIS raISes queshons about how natural forces and human
achons mteract to cause changes m produchvlty across the habItats of the GOA
Forces of change act both locally and at dIStance, WIth both transIent and long
laShng effects The Trustee Council VISIon for the GEM program (Sechon 11) seeks
fundamental understandmg of the degree to wmch changes m produchon of plants
and all1ffials m the key habItats of GOA IS controlled by natural environmental
forces as opposed to human achons Converhng the central hypothesIS to tills
queshon gIves the followmg central queshon

• What are the relahve roles of natural forces and human achons, as mstant
and local factors, m causmg short-tenn and long-Iashng fluctuahons
changes m the bIOlogICal commumhes that support birds, fISh, shellflSh and
mammals m the four key habItats of the GOA?

Where the four key habItat types are (1) watersheds, (2) mterhdal-subhdal,
(3) ACC, and 4) offshore, mcludmg the conhnental shelf break and Alaska
Gyre, as more preCIsely defIned elsewhere

The four key queshons given below are specIfIc adaptahons of the central
queshon to habItat types Fmdmg answers to the central and key queshons will
reqUIre a very long-term program of momtormg and research In most cases, It IS
expected that successIvely more sophIShcated approaches to answermg key
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questIons will be phased m as the program bUIlds over the InItIal 5 to 10 years (See
Chapter 10) In addItIon, fIndmg answers to key questIons will requIre long-term
momtormg supported by synthesIS and research The results of the synthesIS and
research will both help refIne the approach to the later phased-m actIVItIes and
IdentIfy an approach to long-term momtormg that WIll answer the key questIons
SynthesIS and research are therefore an mtegral part of overall program strategy to
answer key questIons (See Chapter 8)

6 6 3 Key Questions by Habitat Type

Key questIons are deSIgned to explore the means by whIch natural forces and
human actIons may drIve bIOlOgical responses over dIfferent scales of tIme and
space The four habItat types proVide pomts of reference for studymg the relatIons
among speCIes m spatIally and ecolOgically separated habItats The mtent IS to
IIDplement momtonng that can, m the long term, help understand the relatIonshIps
between productIvIty or communIty structure of a habItat and the other three
habItats

Watershed Key Queshon (see Sechon 5 3) What are the relatIve roles of
natural forces, such as chmate, and human achons, such as habItat degradatIon and
fIShmg, as dIStant and local factors, m causmg short-term and long-Iashng changes
m marme-related bIOlOgical productIon m watersheds?

Interhdal-subhdal Key Queshon (see SectIon 5 7) What are the relatIve roles
of natural forces, such as currents and predatIon, and human actIons, such as
sedlIDent and pollutant dISCharge, as dIStant and local factors, m causmg short
term and long-Iashng changes m communIty structure and dynamICS of the
mtemdal and subtIdal habItats?

Alaska Coastal Current Key Queshon (see SectIons 5 4 3) What are the
relatIve roles of natural forces, such as the varIability m the strength, structure and
dynamICS of the ACC, and human actIons, such as fIShmg and pollutIon, m causmg
local and dIStant changes m productIon of phytoplankton, zooplankton, bIrds, fISh,
and mammals?

Offshore (Outer Conhnental Shelf and Alaska Gyre) Key Queshon What
are the relatIve roles of natural forces, such as changes m the strength of the Alaska
Current and Alaksan Stream, mIxed layer depth of the gyre, wmd stress and
downwellmg, and human actIons such as pollutIon, m deterIDInmg productIon of
carbon and Its shoreward transport?

The types of mformatIon available to answer the key questIons are consIdered
next m Chapter 7 SpecIfIc addItIonal mformatIon needs for answermg the key
questIons are addressed m Chapter 8 A selectIon of related hypotheses and
models of the agents and ongms of bIOlOgical changes from the SCIentIfIc hterature
(see Chapter 5 for references) IS offered for comparISon to the central hypothesIS

248 PART II, OiAPTER 6



6 7 Supportmg Models
and Hypotheses

•
(
~-

)
I I •~

•

/\
LJ

GULF EcoSYSTEM MONITORING AND REsEARCH PLAN

The central hypothesIS IS a general explanatIon of
what controls bIOlogICal productIVity for wIde
ranges of specIes and geography Other speafIc
hypotheses about how natural forces and human

actIons control bIological productIvIty have been advanced ill the hterature, as
covered ill the SCIentIfIc background (Chapter 5) for specIes and groups of specIes
The conceptual foundatIon accommodates multIple models and hypotheses as
speafIc versIons of the central hypothesIS

Key questIons to be resolved by momtormg, synthesIS, and retrospectIve
analyses are the relatIve Importance of specIfIc hypotheses for explammg changes
m productIVItIes of partIcular specIes m partIcular locahtIes The relatIve
Importance of natural forces and human actIons ill affectIng changes m
productIvitIes of bIrds, fISh, and Inammals ill watersheds, the illtertIdal zone, and
nearshore and offshore areas IS largely unknown The followmg are the leadmg
hypotheses of mechamsms that control bIological prodUctIVIty throughout the
GOA

6 7 1 Match-Mismatch

The essence of the match-ffilSInatch hypothesIS IS as follows

PopulatIons of orgamsms are adapted to certaill envIronmental condItIons

When those condItIons change rapIdly, predator and prey populatIons may
not track m the same way

As a result, transfer of energy mto the hIgher levels of the food web IS
comproffilSed

ThIS hypothesIS has been proposed by Mackas to explam changes m productIon
WIth the slow shIft to earher emergence of Neocalanus copepods at ocean StatIon P
m the last several decades (Mackas et al 1998) The match-ffilsmatch hypothesIS
was also mvoked by Anderson and Platt to explam ecolOgical changes observed m
a long tIme senes of small-mesh trawl samphng around Kodiak Island and the
Alaska Pemnsula (Anderson and PIatt 1999)

6 7 2 Pelagic-Benthic Split

Eshnger et al (Eshnger et al 2001) suggested that strong Inshore blooms of
spnng phytoplankton that occur m conditIons of strong stratIfIcatIon put more
bIolOgical productIon mto the benthIc ecosystem, m contrast to weaker-but more
prolonged blooms-that occur m cool and wmdy growmg seasons Under the latter
condItIons, It has been proposed that bIolOgical productIon IS more effiCiently used
by the pelagiC ecosystem and that presumably relatIvely less of the productIon
reaches the benthos It IS conceIvable that dunng a senes of years m whIch one
conditIon IS much more prevalent than the other, food ffilght be reallocated
between pelagIc-feedmg and benthIc-feedmg specIes Or, strong year classes of
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partIcular long-hved speCIes nught result eIther from condItIons of strong
stratIfIcatIon causmg more bIOlogical productIon or weaker blooms, leadmg to
dommance of the system by certam SUItes of specIes

6 7 3 Opbmum Stability Window

Gargett (1997) proposed that there IS a pomt m the range of water stability
below WhICh water IS too easily mIXed downward, resultIng m less than maxImum
productIvIty, and above whIch the water IS stratIfIed too much and resISts wmd
mIXmg It was proposed that the fluctuatIng dIfferences m salmon productIon
between the Cahforma Current and subarctIc gyre domams are ultImately the
result of these two systems bemg on dIfferent parts of thIs response curve at
dIfferent tImes

6.7 4 PhYSiological Performance and Limits

A number of explanatIons for long-term change more sImply propose that the
abundance of certam specIes, mamly fIsh, IS a dIrect response to theIr phySIOlOgical
performance m dIfferent temperatures Under thIs hypothesIS, the changes m
dommance of cod-hke fIshes and crustaceans that were seen m eastern Canada
around 1990 and m the northern GOA around 1978 were 1ll1tIally a response to
warm (ascendancy of gadIds) or cold (ascendancy of crustaceans) water
temperatures In other words, the mam agents of change are the drrect effects of
warmer water temperatures actIng on phySIOlOgical tolerance, rather than the
combmed effects of freshwater mput, wmds, and temperature affectIng ecolOgical
processes

6 7 5 Food Quality

The food quahty hypothesIS IS also referred to as the Junk food hypothesIS It
attrIbutes dechnes of many organISms of hIgher trOphIC levels observed m the last
several decades (harbor seals, sea hons, and many seabIrds) to the predommance of
SUItes of forage specIes that have low energy content (less lIpId) than preVIOUS food
sources, for example, gadIds and flatfIshes ConsIStent WIth thIs hypothesIS IS
eVIdence from the Trustee Council's APEX program, whIch showed that It takes
about twIce as much herrmg as pollock to raISe a kittIwake chIck to fledgmg durmg
the nestIng season WIth the relatIve rarIty of capehn and sand lance m the dIets of
seabIrds m PWS durmg the last several decades, It seems that many of the
populatIon dechnes mIght be at least partIally attrIbutable to the role of these fatty
fIsh m seabIrd dIets The change m food sources has been advanced for marme
manunal populatIons that have been m declIne

6 7 6 Fluctuating Inshore and Offshore Production Regimes

ThIS plan prOVIdes the fIrst presentatIon of the model COnsIStIng of fluctuatIng
Inshore and offshore productIon regImes Although thIs model IS closely related to
the Gargett hypothesIS of optImum stability wmdow, It proposes that under the
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same set of atmosphenc forcmg condItIons OpposIte productIon effects are seen
Inshore and offshore FIgure 21 illustrates some features of thIS model

FIGURE 21 HAS NOT BEEN PREPARED YET

The model was developed as a result of observmg durmg the last several
decades that populatIons of many seabIrds, harbor seals, and sea hons, whIch
forage mamly m Inshore waters, have been declInmg whIle marme survIval of
salmon and hIgh levels of offshore plankton and nekton suggested that offshore
prodUCtIVIty was very hIgh It IS proposed that the vanous manIfestatIons of
clImate forcmg have combmed smce about 1978 (pOSItIve PDO) to make the ocean
more productIve offshore CharacterIStIcs of the offshore ocean mclude more
upwelling of deep nutrIents and a mIxed surface layer that IS shallower and more
productIve These same clImatIc condItIons are proposed to have made the Inshore
areas of the GOA less productIve Durmg the posItIve PDO, greater freshwater
supply (preCIpItatIon on the ocean and terrestrIal runoff) results m greater-than
optImal nearshore stratifIcatIon Also durmg the posItIve PDO, more wmd IS not
enough to overcome the stratIfIcatIon durmg the growmg season, but does mhIbit
the relaxatIon of downwelling Therefore, fewer nutrIents are supphed to the
Inshore regIme from the annual run up of deep water onto the shelf Durmg a
negatIve PDO, the OpposIte pattern m bIOlOgical response results from a colder, less
wmdy, and dner mantIme clImate

6 7 7 Incremental Degradation

Manne enVIronments around urbamzed areas (Los Angeles, Puget Sound,
Boston Harbor, San FrancISCO Bay, and New York BIght) and watershed systems
(ColumbIa RIver Basm and San Joaqum RIver) have hIghly altered ecosystems that
contam mvaSIVe exotIc speCIes, mdividuals ImpaIred by contammatIon, and fISh
populatIons that have been hIghly altered by the combmed effects of vanous
human alteratIons Although much of thIS degradatIon took place before the
natIonal WIll turned toward a sustamable natural envIronment, It appears that thIS
degradatIon took place through a long penod of tIme and as a result of the
combmed Impacts of many dIfferent human uses To thIS day, no regional
programs track the combmed effects of all human actIVItIes
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7. CURRENT INFORMATION GATHERING

In TIns Chapter

~ Use and compIlabon of the gap analysIS database

~ OvelVlew of the database content

~ Projects relevant to the GEM program

Edltonal notes Needs a map ofthe GOA showmg the locations ofthe most Important
ongomg manne sCience projects Needs a descnptlon ofmomtonngprOjects m the
database that are dIrected at human actiVIties, followmg the oudme ofhuman
activIties m Chapter 2 Some ofthe mformatlon under GAP AnalySIS Summary
could be abstracted to tables or hIStograms Projects ofInterest to GEM needs
further edIting
"Projects ofmterest to GEM" section refers to Table oftitles ofgap analysIS database
projects that needs to bepreparedfor the appendIX. After d,scussIOn we deCIded we
still need thIS for the reference ofthe revIewers and serIOus readers (such as us)

The conceptual foundabon m Chapter 6 has been
largely shaped by currently avaIlable SCIentIfIc
mformabon Much of thIS mformabon IS denved
from the momtonng and research acbVIbes
conducted m the GOA and adjacent waters dunng

the past 100 years Informabon from these acbVIbes has been mcluded m a
database btled "Ongomg and HIstoncal Momtormg and Research AcbVlbes m the
Gulf of Alaska and Adjacent Waters" ThIS database IS referred to as the "gap
analysIS database" because It IS used as a tool to assess past and current acbvibes to
set pnonbes and promote collaborabon m fillmg Important"gaps" m mformabon,
whIle aVOldmg dupIIcabon CompIlmg thIS comprehensIve database IS a challenge
m Itself, gIven mulbple fundmg sources and the dynalllic nature of vanous
appropnabons processes, as well as uncertambes about the relabonsmps among
VarIOUS programs and projects

The database mcludes both ongomg and hIStoncal projects concerned WIth
mformabon gathermg, processmg, and appIIcabons m resource management and
other areas of marme SCIence Projects m the database mclude readIly IdentIfIable
research and momtormg acbVlbes, such as the NMFS blenmal (tnenmal) trawl
survey, the Internabonal PacIfIc HalIbut COffillliSSion 10nglIne survey, and the
Nabonal Weather SelVlce data buoy network These acbVIbes may occur m smgle
or mulbple 10calIbes The record for each project mcludes mformabon on project
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purpose, types of data, expected project duratIon, contact mformatIon, Web sIte,
and latItude and longitude for fIeld actIvItIes Not all categones of mformatIon m
each record are complete, but a descnptIon of the basIC functIons of each project IS
available m each record Because the "proJect" was not mtended to be a standard
umt for defInmg effort m marme research, the broad analysIS below should be
consIdered a quahtatIve comparISon of the relatIve amounts of effort devoted to
each category The database IS available m File Maker Pro, but can be made
available m other formats, such as Excel and Access

Projects m the gap analysIS database have been
categonzed as eIther momtonng or synthesIS and
research For the purposes of the gap analysIS,
momtormg IS routIne data gathermg based on

assumptIons about ecosystem behavIOr or how the measures capture system
behavIOr (a conceptual model) Momtormg IS not expected to be completed Withm
a fIxed tIme frame Examples of momtormg measurements are salInIty,
temperature, concentratIon of DDT, and populatIons of speCIes at seabIrd colomes
For the purposes of the gap analysIS, SynthesIS and research IS defIned as a tIme
hmIted actIVIty that mvestIgates relatIonships among ecosystem components WIth
the use of data accordIng to a specIfIc experImental deSIgn The synthesIS and
research category mcludes retrospectIve analysIS, modehng, ecosystem process
studies, and data management and mformatIon transfer Each general actIVIty
category IS further classIfIed mto SIX areas of study

1 Buds, fISh, and shellfIsh,

2 PhYSICal and bIOlOgical oceanography,

3 Freshwater water quahty,

4 Contammants,

5 MIXed studIes that combme areas, and

6 Other

7 2 1 Momtormg

The maJonty (58%) of 279 projects m the gap analysIS database as of May 2001
are classIfIed as momtonng functIons Most of the momtonng functIons address
commercIally, culturally, or SOCIally Important large anImals, as IdentIfIed below m
percentages of all projects m the database

• 20% fISh and shellfIsh,

• 9% mIXed studIes,

• 7% mammal, and

• 4% seabIrd
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The balance of the monitoring projects are devoted exclusively to the small
plants and animals and the physical and chemical measurements, shown below as
percentages of all projects in the database:

•

•

•

•

•

15% physical oceanography with some chemical and biological;

1% freshwater;

1% biological oceanography;

1%contaminants; and

< 1% other.

Monitoring projects for fish and shellfish are largely directed at single species
or closely related aggregates of species such as salmon, halibut, rockfish, and crab.
Mixed studies combine large animals, smaller fish, plankton, and sometimes
contaminants, although detecting trends in the abundance of large animal species
appears to be the primary purpose of the mixed surveys. Physical oceanography
projects are dominated by satellite telemetry.

The ADF&G fields the largest number of fish and shellfish projects in the
northern GOA, primarily for salmon and crab and, to a lesser extent, rockfish and
other species. Long annual time series data collected by ADF&G are available from
ADF&G for salmon and crab catches and for salmon spawners (escapements) in
most major watersheds. Long annual time series exist for trawl survey data for
shrimp, groundfish, and crab. Other substantial salmon data sets are age, weight,
and length of adult salmon in catches. Other ADF&G projects record
characteristics such as genetics, presence of disease, and other biological data.

More detailed information is available in Appendix _ and the gap analysis
database.

7.2.2 Synthesis and Research

About 42% of the remaining projects in the gap analysis database are synthesis
and research activities. These activities are listed below as percentages of all
projects in the database:

•

•

•

•

22% data management and information transfer;

11 % retrospective analysis;

5% modeling; and

3% ecosystem process studies.

The synthesis and research activities are further defined below as numbers of
projects, because the small number of projects in some categories makes
comparison of percentages problematic.
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Data Management and Transfer

• 21 phYSICal oceanography and atmosphenc data,

• 2 benthic mtemdal,

• 1 bIOlogICal oceanography,

• 8 bud,

• 5 contammant,

• 7 fISh,

• 8 mammal,

• 6 nuxed tIssue archives for large arnmals and bIOlOgical and phYSICal data,
and

• 2 freshwater and watershed onented

RetrospectIve AnalysIs

• 6 phYSICal oceanography,

• 8 nuxed (phYSICal and bIOlOgical),

• 1 mammal,

• 1 human use (subSIStence),

• 9 fISh,

• 2 contammant,

• 2 bud,

• 1 bIOlOgical oceanography, and

• 1 benthic mterodal

ModelIng

• 1 benthic mtemdal,

• 3 mammal,

• 1 mIxed (coupled bIOphYSICal), and

• 8 physIcal oceanography

Ecosystem Process StudIes RelatIvely few (nme) ecosystem process studIes
are currently ongomg m the GOA Four are bemg conducted m GlacIer Bay m the
more southern end of the GOA Others are more relevant, lookIng at
oceanographic forcmg of pnmary producoVIty and producovioes of fISh
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The federal government is the primary funding
source for the current information gathering
programs of interest to the development of the
GEM program, with substantial funding also

provided by state government, foreign governments, and non-governmental
organizations. The work is conducted within programs and projects too numerous
to list here; however, a reference on the specific agencies and programs is provided
in Appendix _. Relevant projects cover three broad categories:

1. Bird, fish and mammal data and some human impacts associated with their
harvests, collected by the primary fish and wildlife resource management
entities;

2. Biological and other oceanographic observations, collected as part of major
research efforts; and

3. Physical and chemical characteristics of waters and habitats collected by the
primary state and federal agencies providing environmental monitoring.

Information on birds, fish, and mammals in watersheds and the nearshore
marine areas is relatively abundant. Because data were collected through time for a
variety of purposes and with a variety of methods, however, the usefulness for a
long-term program such as the GEM program will need to be assessed on a case
by-case basis. Ongoing programs collecting animal data of particular interest to the
GEM program are continuous, annual time series (in excess of 50 years) on
commercial species such as salmon, fur, seals and halibut, and shorter time series
(some discontinuous) of around 30 to 50 years on other species of fish and shellfish,
seabirds, and marine mammals. Observations on marine-related terrestrial animals
and vegetation are available from grid surveys in the Chugach National Forest.

The longest continuous-time series of physical oceanographic measurements
(temperature and salinity) in the GEM region is located outside the mouth of
Resurrection Bay near Seward. Shorter time series of other variables have been
collected at this location, known as Gulf of Alaska 1 (GAK1), by the Institute of
Marine Science (IMS), University of Alaska Fairbanks (UAF), during the last three
decades. Other ongoing oceanography programs initiated within the last 20 years
provide important data sets. The Fisheries and Oceanography Coordinated
Investigations (FOCI), initiated in the 1980s, was the first program in the western
GOA to model physical oceanographic processes to understand changes in annual
abundance of a marine fish species, pollock. Initiated in the 1990s, the Ocean
Carrying Capacity (OCC) program is collecting data on the distribution of juvenile
salmon on the continental shelf in the GOA and Bering Sea. Also initiated in the
1990s, the Global Ocean Ecosystem Dynamics (GLOBEC) program combines
retrospective studies of existing data with observations of plankton, physical and
chemical oceanography, and juvenile salmon abundance in PWS and the adjacent
continental shelf and shelf break. GLOBEC is of particular interest to the GEM
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program because It seeks to understand how natural forces brmg about changes m
bIOlogIcal produchvIty, mcludmg that of salmon

Other longer hme senes of observahons of bIOlOgical and physIcal
oceanography from ongomg programs m the marme enVIronment mclude the work
of the Japan FIShenes Agency, whIch has been takmg oceanographIc observahons
m the GOA smce the 1950s Observahons of the dIStnbuhons of North Amencan
and ASIan stocks of salmon and catches of groundfISh SpecIes (pollock and cod) m
the GOA by the Internahonal North PaCIfIC FIShenes COmmISSIOn and Its successor,
the North PacIfIC Anadromous FISh COmmISSIon (NPAFC), are extensIve, however
annual hme senes are not all complete Although located very far to the south m
the GOA, Canada's Ocean Stahon P conhnues to proVIde a conhnuous record of
oceanographIc observahons now more than fIve decades long

Daily hme senes (some dISconhnuous) of oceanographIc and ahnosphenc data
relevant to GEM plannmg are avaIlable, WIth the most observahons from the past
decade An array of buoys m the northern GOA operated by the Nahonal Weather
ServIce (NWS) and the Nahonal OceanographIc Data Center of NOAA proVIdes
ahnosphenc and phYSICal oceanographIc measurements of relevance to GEM
plannmg In addihon, the satellite remote sensmg projects of both NOAA and the
Nahonal Aeronauhcs and Space AdmmIStrahon prOVIde cloud cover and sea
surface observahons throughout the GEM region

Of ImmedIate mterest to GEM are ongomg projects to charactenze the phySIcal
and chelllical charactellShcs of waters and habItats collected by the pnmary
envIronmental momtormg concerns U S GeolOgical Survey (USGS), ADEC, and
EPA Long-hme-senes measurements of freshwater runoff from stream gauges m
major nvers of Southcentral Alaska are available from USGS, although the future of
thIS program appears to be m doubt ADEC has ongomg hme senes of water
qualIty m the GEM region and IS responsIble for tmplementahon of the EPA
stahons for the manne enVIronmental momtormg and assessment program
(EMAP) m the northern GOA
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8. DEFINITION OF GEM INFORMATION NEEDS

In Tlus Chapter

~ Summary of general gaps m marme SCIence

~ DefmItIon of four mam habItat types mtegral to the GEM program

~ StartIng pomts for development of mformatIon needs for each habItat type

Edltonal note Refers to AppendIX (C) table llstmg titles ofprOjects m gap analysIs
database

Chapter 7 summarIZes the database of current and
8.1 Introduction hIStoncal momtormg and research projects m the

GOA and adjacent waters, and hIghlIghts a
number of data sets that WIll be of great value m developmg the GEM program
ThIS chapter prOVIdes a "gap analysIS" of mformatIon needed to answer the key

r questIons of the conceptual foundatIon descnbed m Chapter 6 Those questIons are
''-....-...-) deSIgned to promote better understandmg of the ongIns and tIme-space scales of

variability m marme productIon and fluctuatIons of key marme-related speCIes m
the GEM regIOn The questIons, and mformatIon needed to answer them, are stIll
very broad To prOVIde a more meanmgful gap analysIS, the key questIons have
been further expanded mto multIple specIfIc questIons for each of the four
representatIve habItat types watersheds, mtertrdal-subtIdal, Alaska Coastal
Current (ACC), and offshore The specIfIc questIons are then followed by a
descnptIon of the mformatIon needed to answer them CntIcal ecolOgical processes
are also suggested for each habItat type to proVide further context for the specIfIc
questIons and mformatIon needs Together, these mformatIon needs will form the
startIng pomt for developmg specIfIc hypotheses and desigIUllg the momtormg and
research components necessary to test them as descnbed m Chapter 10

The reader IS adVISed to consIder the questIons and mformatIon needs below as
the startIng pomts for the process of ImplementatIon All concepts for specIfIc
mformatIon needs are subject to further development through the SCIentIfIc
advISOry process descnbed m Chapter 11 The adVISory process IS expected to
mclude workshops and other meetIngs to gather the adVice of experts m SCIence,
publIc polIcy, management, and user group concerns OpportunItIes for data
acqUISItIon and partnershIps are dIScussed m Chapter 10
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8.1.1 General Information Gaps in Marine Science

Relatively little information has been gathered for species of plants and animals
that are physically small and unsuitable for commerce and subsistence (see Chapter
7 and Appendix C). Consequently, substantial information gaps still exist for the
basic life histories and biology of broad assemblages of species and communities
that are outside the realm of human trade. The rule of thumb is that the amount of
scientific information available is inversely proportional to the remaining energy
and biomass at each trophic level (Need xc figure here). An especially large gap
exists for basic information on zooplankton species and benthic invertebrates that
provide a vital link between primary producers and fish, birds, and mammals that
constitute the higher trophic levels. Additionally, how natural forces and human
actions control productivities of valued living marine resources is still poorly
understood, although information on the natural forces of climate and physical
oceanography is steadily increasing primarily through satellite telemetry.

8.1.2 Representative Habitat Types

Four habitat types, representative of the GEM region, are used to better
organize the GEM program: watersheds, the intertidal-subtidal areas, the ACe,
and the offshore areas (the continental shelf break and the Alaska Gyre). These
habitats are composed of identifiable, although not rigid, collections of
characteristic microhabitats, resident and migratory species, and physical features.
The physical locations are described below:

•

•

•

•

Watersheds-freshwater and terrestrial habitats from the mountains to the
extent of the rivers' plumes;

Intertidal-subtidal areas-brackish and salt-water coastal habitats that
extend offshore to the 20-m depth contour;

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

Offshore-the continental shelf break (between the 200-m and l,OOO-m depth
contour) and the Alaska Gyre in waters outside the l,OOO-m depth contour.

8.2 Watersheds

260

8.2.1 General Watershed
Information Needs

The key question for watershed habitats is:
What are the relative roles of natural forces, such as climate, and human actions,
such as habitat degradation and fishing, as distant and local factors, in causing
short-term and long lasting changes in marine-related biological production in
watersheds?

Long-term monitoring of marine-related productivity in watersheds is needed
before the long-term effects of human actions and other natural forces on
productivity can be understood. Current monitoring activities and historical
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records make It possIble to detect changes m productIvIty of promment SpecIes
Withm watersheds that are subject to relatIvely hIgh levels of human actIons, such
as the Kenai RIver Understandmg the causes of changes IS not possIble, because
lack of basIC measurements prevents separatIng the effects of changes m marme
prodUctIVIty from the effects of other factors such as human actIons and natural
bIological and geological forces EVidence of the sIgrnfIcant role of marme
nutnents m determmmg the prodUCtIvIty of watersheds IS growmg, however,
momtormg of these lmkages m the northern GOA IS noneXIStent to weak, based on
the mformatIon gathermg projects descnbed m the database (see AppendIX C_)
Measurements of human actIons m watersheds are WIdely available, however,
accumulatIon of persIStent orgamc pollutants may be of mterest at some pomt m
the future as It relates to control of productIon of plants and anImals

In additIon, although there IS substantIal eVIdence of the potentIal role of the
lllicronutnent Iron m controllmg marme productIvIty, the degree to whIch
watersheds may be contrIbutIng Iron to marme food webs m the GOA IS not bemg
measured The nature of flows of marme nutnents mto watersheds, and the flow
and dIStrIbutIon of freshwater lllicronutnents (such as Iron), and carbon from the
watersheds mto the marme enVIronments remam poorly understood m the GOA
FIllmg watershed mformatIon gaps would address long-term questIons about how
the transport of marme nutnents, terrestnallllicronutnents, carbon, and fresh
water contnbute to changes m productIVity and commumty structure m
watersheds and the marme enVIronment

8 2 2 Specific Watershed Questions and Information Needs

Three specIfIc watershed questIons and the related mformatIon needs are
presented below

W-l What are levels of marme-related nutrIents m watersheds and how do the
annual mputs of marme nutnents vary?

SpeClfic Infonnahon Needs Levels of mtrogen-stable ISotopes m freshwater
plants and anImals, and feasIbility of studymg sources of precursors of reduced
Iron m watersheds With marme access

W-2 What IS the annual vanability m precIpItatIon and runoff m Alaska
watersheds bordermg the northern GOA? (Same questIon apphes to mtemdal
subtIdal and ACC habItats )

SpeClfic Infonnahon Needs Annual precIpItatIon and runoff for all watersheds
flowmg mto the northern GOA In some cases, where gaps eXISt, It may be possIble
to use marme salImty data to supplement precIpItatIon and stream flow measures
m estImatIng total freshwater run off from land to the GOA Input of the amount
of fresh water entermg the GOA from northern BntIsh ColumbIa and Southeast
Alaska would also be needed to use marme sahmty as a proxy for freshwater
runoff
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W-3 What are the levels of persIStent orgamc pollutants entermg and leavmg
watersheds along marme-related pathways?

Specific Infonnahon Needs Levels of persIStent orgamc pollutants such as PCBs
m anadromous specIes as adult ImmIgrants and as Juvemle emIgrants of the
watersheds

8 2 3 Watershed Processes

The watershed processes IdentIfIed as of mterest to the GEM program are those
mvolved m lmkages between terrestrIal and manne vanability, such as
bIogeochemIcal cycles

8.3 Intertidal and
Subtidal

8.3 1 General Intertidal and Subbdal
Information Needs

The key question for mtertIdal and subtIdal
habItats IS What are the relatIve roles of natural

forces, such as currents and predatIon, and human actIons, such as sedIment and
pollutant dIScharge, as dIStant and local factors, m causmg short-term and long
lastIng changes m commumty structure and dynamICS of the mtertIdal and subtIdal
habItats?

Long-term momtormg IS needed to IdentIfy how human actIons can change the
commumty structure of the mtertIdal and subtIdal areas Present momtormg
actIVitIes may make It pOSSIble to detect changes m commumty structure that are
the result of a combmatIon of human actIons and natural forces m some locahtIes,
however, no program now produces the measurements suffiCIent to determIne the
extent to whIch changes were due to human actIons EVIdence of the mcreasmgly
Important role of human actIons m changmg the commumty structure of shallow
nearshore enVIronments IS growmg, however, momtonng that IS structured to
separate human and natural effects m areas of growmg human Impacts IS sporadic
Momtonng IS needed to measure the natural vanability of the mtertIdal-subtIdal
areas at places and tImes that support detectIon of the effects of human actIons
SImultaneous momtormg of currents and nutrIents, bottom substrates, speCIes
composItIon, and other Important natural forces m areas WIth dIffermg degrees of
chromc human actIVIty IS needed FIl1mg mtertIdal-subtIdal InformatIon gaps
would begm to address the long-term questIons of how human actIons combme
WIth natural forces to cause changes m productIvIty and commumty structure m
mtertIdal-subtIdal enVIronments

8 3 2 SpeCific Intertidal and Subtidal Question and Information
Needs

One specIfIc mtertIdal and subtIdal questIon and several related InformatIon
needs are presented below
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I-I What IS the vanability of selected plant and arumal populatIons m the
mtertIdal and subtIdal zones?

Speafic Infonnahon Needs

•

•

Vanability m numbers and dIversIty of fIxed algae and mvertebrates m
several regIOns PWS, Kachemak Bay, and KodIak Island

RelatIve availability of larval dtspersal stages

• Measures of the cyclmg of carbon, nutnents, and contammants m key
speCIes such as Fucus

•

•

A detailed map of mterbdal plant bIOmass dunng the growmg season on a
WIde spatIal scale

Momtonng of clam populatIons

•

•

Measurements of populatIon processes of sea otters

IdentIfIcatIon and measurement of human Impacts of concern

o
8 3 3 Intertidal and Subtidal Processes

Processes m the mterbdal and subtIdal habItat of mterest to the GEM program
relate to vanability m commumty structure and plant bIOmass of selected
populatIons and processes affectIng populatIons

8 4 1 General ACC Information Needs8.4 Alaska Coastal
Current The key questIon for ACC habItats IS What

are the relatIve roles of natural forces, such as the
vanability m the strength, structure and dynamICS

of the ACC, and human actIons, such as fIshmg and pollutIon, m causmg local and
dtstant changes m productIon of phytoplankton, zooplankton, bIrds, fIsh and
mammals?

u

Long-term momtonng actIVItIes to detect seasonal changes m the ACC have
permItted a general, large-scale understandmg of CIrculatIon and lower trophIc
level prodUCtIVIty m the ACC, but current momtormg does not permIt the changes
m the ACC to be related to the changes m commumty structure or prodUCtIVItIeS m
mtertIdal-subtIdal areas and watersheds Long-term momtormg IS needed to
measure the natural seasonal and mterannual varIability of the ACC at locatIons
that are hkely to permIt evaluatIon of these relatIonslups Changes m annual
productIon of some fIsh stocks are hIghly correlated WIth phYSIcal changes m the
ACC, but Ideas about the basIS for these apparent relatIons cannot be evaluated
from current momtonng actIVItIes Fillmg ACC InformatIon gaps would begm to
address the long-term questIons of how human actIons combme WIth the transport
of marme nutrIents, terrestnal IDlcronutrIents, carbon, and fresh water to contrIbute
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to changes m productivIty and commumty structure m watersheds and the manne
enVIronment

8 4 2 Specific ACC Questions and Information Needs

Seven specIfIc ACC questions and related mformatIon needs are presented
below

A-l What IS the annual varIability of strength, location and dynamICS of the
ACC?

SpectfiC Informahon Needs Measurements of vanability m temperature and
salmIty WIth depth, on tlme scales of from days to multiple decades at locations
sufficIent to understand seasonal-scale vanability at localIties suffICIently WIdely
dISpersed to understand large-scale structure, mcludmg mtrusion mto bays

A-2 What IS the vanability m the supply of deepwater nutrIents to the photic
zone of the ACC and theIr concentrations m that zone on tlme and space scales
appropnate to understandmg annual pnmary production?

Spectfic InJormahon Needs Measurements of, or proportional to, macronutnents
and ffilcronutnents at appropriate spatial scales

A-3 What IS the varIability m chlorophyll a concentrations and phytoplankton
specIes compOSItion m the phOtiC zone of the ACC on tlme and space scales
appropnate to understandmg annual prImary production?

Spectfic InJormahon Needs

• Chlorophyll a

• Information on phytoplankton speCIes compOSItion

A-4 What IS the variability of zooplankton bIOmass and speCIes compOSItion m
the ACC on tlme and space scales appropnate to understandmg annual pnmary
and secondary production?

Spectfic Informahon Needs Information about zooplankton bIOmass and SpecIes
compOSItion

A-5 What IS the vanability m the avaI1abIhty of forage fIsh to higher trophic
levels (bIrds, fIsh, mammals) m the ACC?

Spectfic InJormahon Needs

• Analyses of the dIets of selected hIgher-trophic-level orgamsms (buds,
mammals, large predatory fIsh)

• Analyses of selected higher-trophic-level orgamsms (buds, mammals, large
predatory fIsh) for fatty aCid compOSItion m relation to dIet
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A-6 What are the major factors affeCbng long-term changes m sea bIrd
populabons?

Speafic Infonnahon Needs Annual colony and cluck producbvity counts of
appropnate specIes m selected GOA colomes

See also mformabon needs for Quesbon 5 above

A-7 What are the major factors affecbng long-term changes m harbor seal
populabons?

Speafic Infonnahon Needs

•

•

Annual surveys of molbng populabon m selected GOA haul-outs

Fatty aCId profIles of mWVIdual anImals and scat analysIS surveys m
selected GOA haul-outs

8 4 3 Alaska Coastal Current Processes

Processes m the ACC of mterest to the GEM program relate to vanabIhty m the
current structure and dynamICS, nutnent supply, and selected populabons and

~

processes affecbng populabons

85.1 General Offshore Information
Needs

8.5 Offshore. The
Outer Contmental Shelf
and Oceamc Waters The key quesbon for offshore habItats IS

What are the relabve roles of natural forces, such
as changes m the strength of the Alaska Current

and Alaskan Stream, nuxed layer depth of the gyre, wmd stress and downwellmg,
and human acbons, such as pollubon, m determmmg producbon of carbon and Its
shoreward transport?

Long-term mfonnabon gathenng IS needed on the effect of the open ocean gyre
on the natural vanabIhty m seasonal and annual producbVIty of the conbnental
shelf and ACC Past mformabon gathenng IS suffICIent to suggest that a strong
relabonslup between gyre and Inner waters has eXISted at bmes The gyre
conbnental shelf-ACC relabonship appears to be based on movement of nutnents
detntus and plankton Current mformabon gathermg, however, does not proVIde
the long-term data sets needed to detect changes m the gyre that may be related to
changes m the ACC, mterbdal-subbdal areas, or watersheds The same changes m
annual producbon of certam fISh stocks that are lughly correlated WIth phYSIcal
changes m the ACC also appear to be correlated WIth changes m the gyre, but Ideas
about the apparent relabons between fISh stocks, the ACC, and the gyre cannot be
evaluated from current mformabon gathenng FIllmg mformabon gaps on the gyre
would begm to address the long-term quesbons of how oceamc producbvibes and
processes m the GOA may contrIbute to changes m producbVIty and commumty
structure m watersheds and the marme enVIronment
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8 5 2 Specific Offshore Questions and Information Needs

FIve specIfIc offshore questIons and related mformatIon needs are presented
below

0-1 What IS the annual vanability m the productIon of zooplankton m the
offshore areas?

SpeClfic Infonnahon Needs Abundance of zooplankton on tIme and space scales
appropnate to understandmg annual productIon

0-2 How are the supphes of morgamc mtrogen, phosphorus, silicon, and
other nutrIents essentIal for plant growth m the euphotIc zone annually mfluenced
by chmate-dnven phySIcal mechamslllS m the GOA?

Specific Infonnahon Needs Measurements of morgamc mtrogen, phosphorus,
silicon, and other nutrIents on tIme and space scales appropnate to understandmg
annual VarIability

0-3 What IS the role of the PacIfIc HIgh pressure system m determmmg the
tImmg and duratIon of the movement of dense slope water onto and across the
shelf to renew nutrIents m the coastal bottom waters?

Specific Infonnahon Needs SynoptIc mformatIon on sea level pressure and
hOrIZontal and vertIcal structure of densIty and nutrIents on the outer contInental
shelf and Alaska Gyre m relatIon to the ACC on appropnate tIme and space scales

0-4 Is freshwater runoff a source of Iron and silicon that IS Important to
marme prodUCtIVIty m the offshore and adjacent manne waters?

SpeClfic Infonnahon Needs Levels of bIOlOgIcally available silicon and Iron from
offshore water m relatIon to the ACC on appropnate tIme and space scales

0-5 Does Iron hmItatIon control the speCIes and SIZe dIStrIbutIon of the
phytoplankton communItIes m the offshore areas?

Specific Infonnahon Needs Levels of bIOlOgIcally available Iron and speCIes
compOSItIon and SIZe dIStrIbutIon of the phytoplankton commumtIes from offshore
water on appropnate tIme and space scales

8 5 3 Offshore Processes

Processes of mterest to the GEM program m the offshore habItat are vanability
m the strength and locatIon of the Alaska Current and Alaskan Stream, gyre
actIvIty, and pnmary and secondary productIon
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9. DEFINITION OF KEY COMPONENTS
AND STRATEGIES

In Tlus Chapter

~ RelatIonshIps and functIons of tools for ImplementIng the GEM program

~ Strategtes for program ImplementatIon

~ The ongomg role of gap analysIS

The key components are the tools to be used to
Implement the GEM program The GEM program
components of synthesIS, research, momtormg,
modelmg, and data management and mformatIon

transfer are common to most programs for assessment of hvmg marme resources
([Myers et al 2000]) For orgamzatIonal purposes, retrospectIve analysIS and
process studIes are treated as forms of research As a common toolset for
momtormg and research, the components are closely related, and theIr functIons
sometImes overlap

9 1 1 SyntheSIS

The startIng pomt for developmg the GEM program IS syntheSIS, because all
good SCIence ultImately mvolves synthesIS In the words of bIOlOgISt, E 0 WIlson
(1998)

We are drowmng m mformatIon whIle starvmg for WISdom The
world henceforth will be run by syntheSIZers, people able to put
together the rIght mformatIon, thmk CrItIcally about It, and make
Important ChOICes WISely

SynthesIS buIlds on and updates current understandmg of the northern GOA
It brmgs together eXIStIng data from any number of dIscIplmes, tImes, and regtons
to evaluate dIfferent aspects of the GEM program central hypothesIS, key questIons,
and related Ideas SynthesIS has three broad uses FIrst, It IS used to prOVIde
drrectIon for developmg hypotheses to be tested and, combmed WIth research and
momtormg, to update and refme the conceptual foundatIon Second, It IS used as a
tool-for example, m workshops, meetIngs, or pubhcatIons-to mform stakeholders
and the pubhc about the developmg understandmg of the factors responsIble for
change m the marme enVIronment And thrrd, synthesIS IS used to solve resource
management problems, by IdentIfymg new apphcatIons of eXIStIng mformatIon or
by IdentIfymg opportumtIes to solve eXIStIng problems through collectIon of new
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mformahon SynthesIS IS a lOgIcal place to begm the cycle of momtormg and
research, but once used to lillhate a project or component, It lOgIcally becomes a
compamon to research

For the purposes of the GEM program, synthesIS IS defmed separately from
research and from retrospechve analysIS, a form of research SynthesIS dIffers from
research m the requIrement that synthesIS be mterdiscIplmary or concerned WIth
mulhple habItat types, or both SynthesIS brmgs together eXlShng data from any
number of dIScIplmes, hIDes, and regIons to evaluate the central hypothesIS, key
queshons, specIfIc queshons, and related Ideas and IS usually supported by varIOUS
forms of retrospechve analysIS (dIscussed below) The results of synthesIS and
research are often used together to solve problems

912 Research

Research collects relahvely short hIDe senes of observahons to evaluate some
specIfIc aspect of the momtonng program or some testable hypothesIs relahng to
the central hypothesIS WIth fIxed hmits on project durahon It may buIld on or use
eXIShng data and It may also build models TeShng current understandIngs
through research proVIdes the baSIS for makmg changes to the momtormg program
and assocIated components such as modelmg, data management, and mformahon
transfer

Retrospechve analySts IS a speCIalIzed form of research that uses eXIShng hme
senes data to evaluate a testable hypothesIS or other queshon of sImIlar specrfICIty
relahng to momtonng Stahshcal modelmg often supports retrospechve analysIS,
and retrospechve analysIS contrIbutes to buIldIng numencal models and to
synthesIS Research, m the form of process studtes, plays a Vital role m movmg
beyond the correlahve relahonships that arISe from the momtormg efforts to

understand the underlymg mechanISms Process studIes develop mformahon on
the mechamsms through wmch energy and matter are transferred across varymg
scales of hme and space Tills cnhcal deeper understandmg IS essenhal to provIde
a framework and substance for the numencal modelmg and synthesIS Large-scale
process studIes may encompass ecosystem-level processes occurrmg across
mulhple tropmc levels, water masses, and habItat types, whereas small-scale
studIes may deal WIth mechamsms as specIfIc as the digeshon rates of mdividual
anImals Processes such as predahon, nutrIent transport, and heat transfer are
cnhcal to understandmg changes m hvmg marme-related resources Process
studIes support model buIldmg by defImng relahonsmps among mdiVIduals and
speCIes and between phenomena such as pnmary produchon and phySIcal forcmg
Process studIes also contnbute to other forms of research, such as retrospechve
analysIS, and to synthesIS

The short-term end pomt for GEM program synthesIS and research IS
lffiplementahon of core momtormg achVIhes The roles of research and synthesIS ill

the GEM program are fIrst to support lffiplementahon of momtormg, and second to
gIve the momtormg program the capacIty for change once It IS establIshed
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The continuing roles for synthesis and research, as supported by modeling, are
to promote understanding of the relationships among and within the broad habitat
types of the ecosystems, plant and animal species, physical and chemical
oceanographic processes, and climate in the GOA. Continual refinement and
testing of hypotheses, synthesis across geographic areas and species, and modeling
of biological and physical processes are expected

9.1.3 Monitoring

Monitoring is the action of taking long-time-series observations at times and
places designed to test hypotheses based on current understandings. Monitoring is

essential to detecting and understanding change, because it provides the starting
point for synthesis, various forms of research, modeling, and information transfer.
How often and where to sample are important aspects of detection, and therefore,
key considerations in the design of monitoring. They must be appropriate to the
hypotheses being analyzed.

Monitoring in the GEM program will be organized into core monitoring and
partnership monitoring. Core monitoring is fully supported by the GEM program,
and partnership monitoring is partially supported.

The end point for monitoring is a geographically distributed network gathering
data on the state of the marine ecosystem that is transformed into information for
user groups through application of synthesis, research, modeling, data
management, and information transfer. Monitoring will use spatially structured
survey methods.

9.1.4 Modeling

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

•

•

•

•

•

Inform, communicate, and provide common problem definition;

Identify core variables and relationships;

Set priorities;

Improve and develop experimental (monitoring) designs; and

Improve decision-making and risk assessment.

Modeling is closely related to the other components of the GEM program, but
especially to monitoring and data management (see Malone figure). Modeling,
monitoring, and data management strategies need to work in concert for each to be
fully effective. Modeling is a pivotal link between monitoring and data
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management and information transfer on the one hand, and synthesis and research
on the other. Modeling feeds back information to the monitoring program in
recommendations on how the monitoring system can be made more effective, and
it interprets data for the use of synthesis and research activities. Approaches to
modeling for the purposes of the GEM program and current modeling efforts are
considered in more detail in Chapter 12. The discussion below provides a brief
introduction to definitions and strategies for modeling in the GEM program.

End-to-End Observing System

"Malone Figure" The End-to-End Observing System showing the relations among
components of the GEM program (monitoring observations, data management and
information transfer, modeling, synthesis and research) and management applications.
(Adapted from Tom Malone [U.S. GOOS Steering Committee 2000).

As defined for the purposes of the GEM program, a model may be expressed in
verbal, visual, statistical, or numerical languages. Verbal models are also known as
"qualitative" and "conceptual"; statistical models are also known as "correlative"
and "stochastic"; and numerical models are also known as "deterministic" and
"mechanistic." Note that "prediction," "simulation," and "analysis" are not types of
models, but uses of models. For example, the use of any kind of statistical or
numerical model to reproduce the behavior of a process, such as population
growth, is known as simulation (see Chapter 12). The different media for models
are explained below.

• Verbal models come in different degrees of precision, from low-precision,
narrative explanations of how physical and biological factors combine to
produce birds, fish, and mammals (the conceptual foundation, Chapter 6),
to highly precise statements known as testable hypotheses.
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• Visual models, such as xdFigure _ of the conceptual foundation, are
graphic images of verbal models.

• Statistical models and related mathematical techniques promote
understanding of whether verbal models are worth considering further. By
comparing combinations of measurements, such as fish growth rates at
different water temperatures, statistical methods show the likelihood of
relationships among phenomena, but not how or why phenomena are
related.

• Numerical models are mathematical translations of verbal models
describing how and why phenomena are related. Numerical models often
rely on established principles of how and why phenomena are related from
physics, chemistry, and biology.

All four types of models will be used in the GEM program. In the near-term,
however, models of biological phenomena are expected to be mostly verbal, visual,
and statistical, whereas models of physical and chemical phenomena are likely to
be primarily numerical, in addition to being verbal and statistical.

Models are tools not only for understanding, but also for predicting change.
Models organize and analyze monitoring observations of plants and animals,
natural forces, and human actions. With the use of the mathematics of modeling,
short-term predictions can be made about how a particular aspect of the ecosystem
works. The ultimate demonstration of understanding of a phenomenon, however,
is longer-term prediction. Covering the vast distance between current
understanding and predicting changes in the productivity of living marine-related
resources on longer time scales (weeks, months, and years) will require thousands
of small steps in understanding. This progression will necessarily take a long time.
Because of the time required, identifying the relationship between current
understanding and probable changes in resource productivity is a reasonable goal
for a long-term program such as the GEM program.

The long-term modeling end points for GEM monitoring, synthesis, and
research are working biophysical models that make managers, policy makers, and
resource users aware of changes in natural resources, help them understand the
human and natural origins of these changes, and give them some idea of what to
expect in the future.

9.1.5 Data Management and Information Transfer

Data management is the process of acquiring in the field, receiving in the office,
formatting, and storing data; providing quality control and assurance; and
developing and managing databases. It includes the development of information
products based on interpreted data and the delivery of these products, including
development of user interfaces. The short-term objective of data management in
the GEM program is to gain control of the data acquired with EVOS funds. Many
of these data are in danger of being lost as the passage of time leads to loss of
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project personnel and mshtuhonal memory The long-term end pomt for GEM
data management IS to serve as the connechon between momtormg and the other
components and end users such as harvesters and managers

GEM data management IS a program support funchon mtended to accomplISh
the followmg

1 Support cross-dIScIplmary mtegrahon of phYSICal, bIOlOgical, and
tradIhonal knowledge WIthIn a structured, decISIon-makmg framework,

2 Support synthesIS, research, and modelmg that evaluate testable
hypotheses on the roles of natural forces and human achons m controllmg
bIOlOgical produchon, and

3 Lay the groundwork for future use of dIStrIbuted, Web-based analysIS and
management tools as the momtormg program becomes fully operahonal

By necesSIty, the data mcorporated mto the GEM program will denve from a
varIety of sources and formats, which may contam spahal and temporal
components, and whIch will mclude retrospechve data sets and tradIhonal
knowledge Incorporahon of these data mto regional models and decISIon-makmg
systems will reqUIre tools for data mgeshon and query, espeCIally to faCl1Itate
modelmg (see Malone fIgure) Because the output from the GEM program WIll be
used by people from a WIde varIety of dISCIplmes, backgrounds, and professIonal
associahons, the user mterface must be easy to understand and accessIble through a
dIStrIbuted network, such as the Internet SynthesIS and research will need to
mcorporate data not dIrectly collected by the GEM program, such as satelhte
remote-sensmg mformahon and fIShery catch data

RapId transfer of mformahon to end users will reqUIre GEM program
management (Chapter 11) to adopt data management and acquISIhon pOhCIes that
move data from the pomt of collechon to the pomt of dIstnbuhon m a hmely
fashIon Although the data must flow through the system as qUIckly as possIble,
quahty control and assurance procedures and the prerogahves of SCIentISts to
publISh mterpretahons of the data need to be respected One approach that may
prove useful IS the establIShment of "peer reViewed" data sets that allow the
SCIentISts mvolved to receIve credIt for theIr efforts m the pubhcahons of other
sCIenhsts who may use the data All other concerns notwithstandmg, the deCISIOns
about control and dIStrIbuhon of data collected under the GEM program rest WIth
the Trustee COunCll

The long-term end pomt for data management and mformahon transfer IS a
system that manages the rapId and effiCIent flow of data and mformahon based on
core momtormg projects to end users, and that facilitates the flow of data and
mformahon to and from partners m the GEM program and other sources to GEM
program projects and users
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The scientific strategy of the GEM program uses a
central hypothesis and key questions from the
conceptual foundation to establish the initial
direction for the program. From this starting

point, the GEM program follows a path of synthesis, research, and monitoring to
detect, understand, and, eventually, predict changes in living marine-related
resources of the GEM region. As shown in the table below, the strategy calls for
modeling and data management to closely support synthesis and research.

The way to achieve prediction in the long term is to build a body of knowledge
on how and why the productivity of living marine-related resources changes
through time. Synthesis is used to build and maintain a coherent and
comprehensive understanding of the current state of knowledge. Research tests
current understandings. Monitoring activities take long-time-series observations at
times and places designed to test hypotheses based on current understandings.
And at all stages of the program, an ongoing gap analysis demonstrates when it is
possible to take advantage of the work of others (xeFigure ).

The basic sequence of activities for establishing the monitoring network is
envisioned as follows:

Synthesis -7 Research -7 Monitoring

Concurrent programs of modeling and data management would support the
sequence of synthesis, research, and monitoring. Table 17 illustrates this
implementation strategy.
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Table 17. Strategy for Implementing a Monitoring Network

Example of building a monitoring activity for the GEM program in 5 fiscal years through
synthesis and research, supported by concurrent modeling and data management.

Monitoring Activity Data
Fiscal Year Core Partners Model Management

2003 Synthesis Monitor Verbal(c) Prototype

Research

2004 Synthesis Monitor Statistical(c) Coordination (c)

Research Research Archiving(c)

2005 Research Monitor Statistical(c) Coordination (c)

Research Numerical prototype (p) Archiving (c)

Distribution (p)

2006 Research Monitor Statistical(c) Coordination (c)

Monitor Research Numerical (p) Archiving (c)

Distribution (p)

2007 Monitor Monitor Archiving (c)

Research Numerical (p) Distribution (p)

Notes:

c = core (GEM program supported) activity

p =partnership Uointly supported) activity

The implementation strategy shown in Table 17 uses the basic components of
the program in a series of three steps that lead gradually to the identification and
establishment of a long-term monitoring program. The first step is increased
synthesis of existing information, continuing the process started in preparing the
scientific background (Chapter 5) and in conjunction with exploratory research
projects that build on current synthesis. The GEM program is now at this step,
with ongoing synthesis and preliminary research expected to continue through
Fiscal Year (FY) 2002. The initial synthesis activities, including modeling, would
support identification and development of testable hypotheses. Initial research
activities would explore the feasibility of measuring candidate variables at various
localities in the watershed, nearshore, and offshore. Initial synthesis in the
nearshore and offshore areas would rely heavily on past and developing
information from research and monitoring programs such as SEA, FOCI, OCC, and
GLOBEC (see Section 7.3 in Chapter 7 and xaAppendix _), and on past and
ongoing monitoring and research in the watersheds under ADF&G, USFWS, U.S.
Forest Service (USFS), and others.

The second step, to be initiated in FY 03, combines continuing synthesis with
research that examines opportunities for core monitoring in PWS, the outer Kenai
Peninsula, Lower Cook Inlet, Kodiak, and adjacent waters. All research projects
are initiated for a fixed duration; however, some of these initial projects might be
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consIdered "pilot morutormg" projects that could be extended mdefnutely If results
of retrospectIve analyses, workshops, modelmg studIes, synthesIS, and other
preparatory research show contInuatIon IS warranted

The thud step IS full ImplementatIon of a long-term morutormg program As
IdentIfIed by the preparatory synthesIS, research, and modelmg, each core
morutormg actIvIty would collect data on a number of core vanables that support
evaluatIon of testable hypotheses Partners may fund additIonal measurements at
the locatIon of core morutormg actIvItIes For example, WIth proper planrung It 15

usually pOSSIble to add morutormg eqUIpment to moormgs WIthout dISruptIng
eXIStIng actIvItIes for data acqUISItIon It may also be advantageous for partners to
mcorporate core morutormg locatIons mto theIr own transects and other surveys
The actual number of core morutormg actIVItIes at full ImplementatIon at the end of
FY 07 will depend on how much fundmg IS available and the needs demonstrated
by the results of retrospectIve analyses, workshops, modelmg studIes, synthesIS,
and other preparatory research

The IdentIfIcatIon of mformatIon needs, or gap
analysIS, was an Important part of the process of
IdentIfymg the startIng pomts for morutormg and
research (Chapter 10), and It will contInue to be an
Important part of ImplementatIon In the process

of startIng the GEM program, the available mformatIon (Chapter 7) was compared
to the mformatIon relevant to answermg the key questIons (Chapter 6) to see what
mformatIon was illlSsmg (Chapter 8) ThIS process will contInue durmg
ImplementatIon, however, the more general key questIons will be replaced by
mcreasmgly specIfIC questIons

It IS Important to have a clear understandmg of how the nature of the questIon
determmes the nature and outcome of the gap analysIS The gap analysIS has three
essentIal parts

1 A questIon,

2 IdentIfIcatIon of mformatIon necessary to answer the questIon, and

3 A survey of relevant available mformatIon

The gap analysIS concludes WIth a comparISon of Parts 2 and 3 The questIon,
Part 1, IS fundamental to the gap analysIS To proceed, a gap analysIS must start
WIth a questIon A general questIon calls for a general gap analysIS, and a more
detailed questIon calls for a more detailed gap analysIS The survey of all relevant
mformatIon and the specIfIC mformatIon needed to answer the questIon are defmed
by the questIon

As the GEM program moves from general questIons about what controls
bIOlOgical productIon Withm habItats and the connectIons among productIon m
these habItats toward testable hypotheses, the gap analysIS will become hIghly
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specIftc WIth the use of a "core sCIentIfIc comnuttee process" (Chapter 11), testable
hypotheses will be developed durmg the second half of FY 02 More detailed gap
analysIS WIll be done when the process reaches the level of testable hypotheses,
WIth hIghly specIfIC queshons, m FY 03

A conhnumg gap analysIS, supported by a conhnuously updated database of
current and hIStOrIcal mformahon-gathermg projects m the GOA and adjacent
areas, IS essenhal to nnplementahon and operahon of the GEM program Tlus
analysIS will be key to fmdmg new partners for momtormg achvIhes, Idenhfymg
new opportumhes for research and synthesIS, and provIdmg mcreasmg
opportumhes for collaborahon, WIthout rISkmg duphcahon

The lffiffiedlate end pomt of the gap analysIS strategy IS a database that
supports Idenhfymg mformahon needs m the short term, as core momtormg
vanables and locahons are selected In the longer term, the supporhng database
will become a valuable tool for resource managers, pohcy makers, other SCIentISts,
stakeholders, and the general pubhc
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10. MONITORING PLAN AND RESEARCH AGENDA

In ThIS Chapter

~ Elements of the phased approach to momtonng

~ Use of synthesIS, research, modelmg, and data management to develop and
refIne momtormg actIvItIes

~ FIScal Year 2002 agenda for actIvItIes

The momtormg program developed by the
10 1 Introduction Trustee Council and Its partners IS mtended to be

the "flagshIp" of the GEM program The
momtormg program IS the heart of the GEM program and will be mamtamed even
If fundmg levels vary SynthesIS, research, modelmg, and data management will
all be used to develop and refIne momtonng actIvItIes A phased approach IS
enVISIOned durmg a 5-year penod, from FY 03 to FY 07/ and will mcorporate these
elements

• Use of the ke1J queshon for each habItat as the startIng pomt for performmg
the necessary synthesIS and research for developmg testable hypotheses

•

•

A table showmg a proposed schedule and strategJJ for lmplementahon, FY 03 to
FY 07/ for core and partnershIp actIvItIes, models, and data management

LISts of probable or "candldate" partners that are actIvely domg related
momtormg or research m the broad habItat type

•

•

102 Data
Management

Candldate core momtonng achmhes recommended based on the conjunctIon
of partnershIp opportunItIes and opportumtIes for measunng bIOlogIcal
and phySIcal quantItIes related to the key questIon and mformatIon gaps

Candldate core vanables recommended based on approaches suggested by
the lIterature revIewed m the SCIentIfIc background (Chapter 5)

Followmg a dISCUSSIOn of data management, thIs chapter dISCUSSes the above
momtonng program elements for each habItat type The key questIons were
mtroduced m Chapter 8

Because data management functIons and products
are genenc to all habItat types/ the suggested
ImplementatIon strategy proVIded m thIs sectIon
IS applIcable for all four habItat types Core data

management will be prototyped m FY 03 as core synthesIS and research projects are
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initiated and partnerships formed. The first core function is to establish
coordination among parties as soon as possible, but no later than FY 04, by means
such as file transfer protocol (ftp) sites, Web sites, and e-mail forwarding lists. As
data from core and partnership research projects are produced, around FY 04,

archiving of data will be essential to serve research needs. A partnership system of
data distribution will be designed to make information products readily available
to partners and other user groups. The ultimate goal for all broad habitat types will
be an end-to-end system, in which a monitoring network provides data to models
and other applications that provide services to a variety of end users, including the
ongoing GEM synthesis, research, and modeling itself.

10.3 Watersheds 10.3.1 Key Question

What are the relative roles of natural forces,
such as climate, and human actions, such as

habitat degradation and fishing, as distant and local factors, in causing short-term
and long-lasting changes in marine-related biological production in watersheds?

10.3.2 Schedule

Development of watershed monitoring activity will be led by a core synthesis
effort in FY 03, building on preparatory core research in FY 02 to establish an
approach to measuring levels of marine influence in animals and plants of the
watersheds. Core synthesis will assist in developing hypotheses by about FY 04

that can be tested and refined by core research in FY 05 and FY 06. At least one
core monitoring station will be initiated by FY 06, but may not be fully operational
until FY 07.

Table 18 presents the proposed schedule and strategy for implementation.

Editorial comment: Want to keep the table for each broad habitat type until an
alternative is clearly identified. Tables are similar, but there are key differences
that depend on the existing state of knowledge in each habitat type.
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Table 18 Proposed Implementation Strategy for Watershed Habitat

Fiscal Year

Monitoring ActiVity

Core Partners Model
Data
Management

2003 SynthesIs

Research

2004 SynthesIs

Research

2005 Research

2006

2007

Research

Momtor

Momtor

Research

Momtor Verbal(c) Prototype

Momtor Statlstlcal(c) Coordination (c)

Research ArchlVlng(c)

Momtor Statlstlcal(c) Coordination (c)

Research Numencal prototype (p) ArchIVing (c)

Dlstnbutlon (p)

Momtor StatlstJcal(c) Coordination (c)

Research Numencal (p) Archiving (c)

Dlstnbutlon (p)

Momtor Archiving (c)

Numencal (p) Dlstnbutlon (p)

Notes

c = core (GEM program supported) activity

p = partnership (jointly supported) activity

Candidate partners ADF&G USFWS (Kenai Natural Wildlife Refuge [KNWR]) USGS EPA
ADEC USFS, Cook Inlet Keeper (CIK) Alaska Department of Natural Resources (ADNR) and
Washington Department of Fish and Wildlife (WDFW)

Candidate core momtonng activities Kenai River watershed Karluk River watershed

Candidate core vanables Isotopes of mtrogen In aquatic and npanan plants and ammals,
precursors of reduced Iron In water and anadromous fish

10 3 3 Candidate Partner Activities

Partner actIVItIes m FY 03 are expected to be the supportmg momtormg
programs already m place, such as enumeratIon of ammals and plants, water
quahty momtormg, eXIStIng hydrology models, mcludmg annual and seasonal
runoff, and pernuttlng of human Impacts such as resource harvests and land
development StartIng m FY 04, partners will be encouraged to asSISt ill fundmg
research to further SIte selectIon 'flus actIVIty will extend through FY 06,
ternunatIng after the momtormg statIon IS fully operatIonal Because an analogous
research program IS under way at Washmgton Deparnnent of FISh and WIldlIfe
(WDFW), that agency may be willmg to share InformatIon and the costs of process
studIes of mutual mterest

1034 Models

Models of the relatIonshIp between marme prodUCtIVIty and watershed
productIvIty (Fmney et al 2000) are supposed to be verbal as of FY 03 StatIStIcal
modelmg to descnbe the strength of relatIons among varIables and power analysIS
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to gwde samplmg should start m FY 04, contmumg through the evaluatIon of the
mltIal morntormg statIon m FY 06 The end pomt of modelmg will be a numencal
model of the geocheffilStry of the core vanable(s) m the watershed to the boundary
of the mtendal-subtIdal areas ThIs model will be lilltIated m about FY 05 and
operatIonal (m some sense) by FY 07 It IS recogrnzed that a number of partner
morntonng actIvItIes m addItIon to the core actIVIty will be needed to create
parameters for a numencal model If numencal modelmg proves mtractable,
statIstIcal modelmg would be extended m the mtenm

10 3 5 candidate Core Momtormg Activities

CandIdate core morntormg actIVItIes WIll be chosen to build on eXl8tmg long
tIme senes of data collected by candIdate partners The Kenai and Karluk nvers
are two lIkely candIdates For the Kenai RJ.ver watershed, three decades of data on
adult salmon returns to the spawnmg grounds of the watershed can be used as
estImates of marme mfluence In addItIon, salmon catch data span more than frve
decades The proxlffilty to Anchorage places the KenaI RIver watershed under
heavy pressure from human actIVItIes and lffipacts, many of wllich are documented
by government regulators MultIple candidate partners have extensIve programs
m place to morntor vegetatIon, terrestrIal anlmals, llffinology, and other varIables of
potentIal relevance to the key questIon The Karluk RJ.ver watershed 18 urnque m
havmg a publlShed record of more than 300 years of changes m marme mfluence m
general, and marme rntrogen m partIcular (Fmney et al 2000) In additIon the
candIdate partners have collected more than eIght decades of counts of salmon
returns for the watershed

10 3 6 Candidate Core Variables

Isotopes of rntrogen m plants and anlmals and sources of reduced rron are
candIdates for core vanables, based on work descnbed m the SCIentIfIC background
under marme-terrestrlal connectIons (SectIon 5 3) and cheffilcal oceanography
(SectIon 5 5) In watersheds of the GEM region, where rntrogen hffilts productIVity,
marme rntrogen from anadromous speCIes, prmclpally salmon, could be an
lffiportant dnver of watershed prodUCtIVIty Phosphorus and rron from salmon
may also be lffiportant to watershed prodUCtIVIty, but drrect measures of the ongm
of these elements are not available (Indrrect measures ffilght be, for example,
phosphorus or rron concentratIon per gram of fISh tImes average fISh weIght tImes
return number) A decade of work on the role of rron m prlffiary product1vlty m
marme areas suggests that geophySIcal and bIOlogICal processes m watersheds may
contrIbute to marme productIVity Processes m the watersheds may hffilt manne
productIVIty by controllmg the availability of precursors of reduced rron

10 4 Intertidal and
Subtidal
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as dIStant and local factors, m causmg short-term and long lastmg changes m
commumty structure and dynanucs of the mterhdal and subhdal habItats?

10 4 2 Schedule

Development of the mterhdal and subhdal momtormg achVIhes IS expected to
begm WIth a planmng workshop m FY 02 and an mtense core synthesIS effort m FY
03 that mvolves extensIve preparatory core research The Inherently hIgh
vanabIhty of the communIty structure of the mterhdal and subhdal habItat-and Its
vulnerability to the effects of predahon and human degradahon-may make It
dIffIcult to develop a desIgn that can separate human achons from natural forces,
forestalling lffiplementahon of lillhal momtormg unhl FY 06 Core synthesIS IS
planned to prOVIde hypotheses by about FY 05 that can be tested and refilled by
core research m FY 06 and FY 07 Plans call for at least one core momtormg stahon
to be lillhated by FY 06, but It may not be fully operahonal untIl FY 07

Table 19 presents the proposed schedule and strategy for lffiplementahon

Table 19 Proposed Implementation Strategy for Intertidal-Subtidal Habitat

MOnltormg ActiVity Data
Fiscal Year Core Partners Model Management

2003 SyntheSIS MOnitor Verbal(c) Prototype

Research Statlstlcal(c) Coordination (c)

\
~

2004 SyntheSIS MOnitor Verbal(c) Coordination (c)

Research Research Statlstlcal(c) Archlvlng(c)

2005 Research MOnitor Verbal(c) Coordination (c)

Research Statlstlcal(c) ArchiVing (c)

Dlstnbutlon (p)

2006 Research MOnitor Statlstlcal(c) Coordination (c)

MOnitor Research ArchiVing (c)

Dlstnbutlon (p)

2007 MOnitor MOnitor Statlstlcal(c) ArchiVing (c)

Research Numencal prototype (p) Dlstnbutlon (p)

Notes

c =core (GEM program supported) activity

p =partnership (jOintly supported) actiVity

Candidate partners ADF&G (Kachemak Bay National Estuanne Research Reserve [KBNERR])
NOAA (National Ocean Service and UAF) Cook Inlet Regional CitIzens AdVISOry CounCil
(CIRCAC) Pnnce Wilham Sound Regional Citizens AdVISOry Council (PWSRCAC) USFS EPA
ADEC EMAP) Alyeska Plpehne Service Company

Candidate core mOnltonng activities Kachemak Bay (Lower Cook Inlet) Green Island (PWS)

Candidate core vanables substrate type and dlstnbutlon species composition and dlstnbutlon
recruitment
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10 4 3 candidate Partner Activities

Partner actIVItIes m FY 03 will be the supportIng momtormg programs already
m place, such as momtormg of mdIVIdual SpecIes for basIC bIology and
contammant loads, surveys of speoes composItIon and dIstrIbutIon, surveys of
substrates, and measurements of physIcal oceanography (see Table 19) StartIng m
FY 04, partners will be encouraged to aSSISt m fundmg research to further SIte
selectIon These actIvItIes will extend through FY 06, termmatIng after the
momtormg statIon IS fully operatIonal m FY 07

1044 Models

Models of changes m commumty structure of the mtertIdal-subtIdal areas m
response to human actIons and natural forang are expected to be pnmarIly verbal
from FY 03 to FY 05 StatIStIcal modelmg, partIcularly power analysIS to gUIde
samplmg, IS expected to be operable as soon as FY 03, because of experIence gamed
m the EVOS coastal habItat program and related damage assessment and
restoratIon work StatIStIcal modelmg will contInue through the evaluatIon of the
ffiltIal momtormg statIon m FY 06 The end pomt of a numerIcal model to combme
phySIcal forcmg and human actIons for descrIbmg commumty structure IS a very
ambItIous undertakmg for a core actIVIty WIthIn a 5-year tIme frame and may not
be feaSIble at all WIthout substantIal partner support

10 4 5 Candidate Core Momtormg ActiVities

CandIdates for core momtormg actIVItIes WIll be selected based on substantIal
partnermg opportumtIes, chances for human actIVItIes and Impacts, and lOgIStIcs
LIkely candIdates are Kachemak Bay m Lower Cook Inlet and Green Island m PWS
Kachemak Bay IS close to the oty of Homer and IS becommg a developed
recreatIonal destInatIon In addItIon, the bay has the presence of coastal habItat
assessment progralllS already m place WIthIn the Kachemak Bay NatIonal Estuarme
Research Reserve (KBNERR), as well as nearby moormgs takmg oceanographIc
measurements The USFS has a long-term ecolOgIcal momtormg SIte at Green
Island, WhICh IS stIll seemg effects from the 1989 oil spill A new weather statIon IS
bemg mstalled nearby at Applegate Rocks, and addItIonal oceanographIc moormgs
m nearby Montague StraIt are lIkely

10 4.6 Candidate Core Variables

Commumty structure m the mtertIdal and subtIdal areas IS determmed by
substrate type and amount, as well as by phYSIcal oceanographIc features, such as
wave actIon SpeCIes composItIon and dIstrIbutIon are fundamental to deterffiffilllg
communIty structure, as IS the recruItment rate of key speCIes such as barnacles,
mussels, and clams, dependmg on substrate
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10 5 1 Key Question
10.5 Alaska Coastal
Current

What are the relatIve roles of natural forces,
such as the vanabmty m the strength, structure,
and dynanucs of the ACC, and human actIons,

such as ftshmg and pollutIon, m causmg local and chstant changes m productIon of
phytoplankton, zooplankton, bIrds, fIsh, and mammals?

\...../)

10 5 2 Schedule

Development of ACC momtonng will reqUIre a penod of synthesIS and
research that mvolves collaboratIon between phYSICal and bIOlOgIcal SCIentISts to
deCIde on how to best detect changes m annual and seasonal productIon and
transfer of energy to hIgher trophIc levels The determmatIon of what phySICal
chemIcal processes are most Important to measure for pnmary and secondary
productIon will reqmre a synthesIS that combmes eXIStIng phYSICal and bIolOgIcal
mformatIon and hypotheses SpecIfIC seasonal questIons such as what controls the
tImIng, duratIon, and magmtude of the spnng bloom on the mner contInental shelf
need to be carefully cast as testable hypotheses before COmmIttIng to long-term
momtonng Havrng the SEA, APEX, GLOBEC Northeast PacIfIc NatIonal Estuary
Program (NEP), FOCI, OCC, and NPAFC programs precede and parallel the GEM
program IS extremely fortUltous for development of thIs component The
expenence and lessons from these programs will be extremely benefICIal m helpmg
GEM buIld Its core momtonng components For these reasons, development of
ACC momtormg actIVIty will begm WIth a core synthesIS effort that IS closely
coordmated WIth the ongomg research and momtonng efforts mentIoned above

Understandmg how best to measure bIolOgIcal prodUCtIVIty and trophIc
transfer m the ACC will take longer to develop than the approach to phYSICal
measurements, whIch could be developed m a relatIvely short penod of tIme The
long-term observatIon program bemg carned out m PWS and across the shelf m the
northern GOA under GLOBEC started m 1997 and WIll extend through 2004
Intense process StudIes are scheduled for 2001 and 2003 It will take some tIme to
dIStIll the large amount of mformatIon available from such studIes and other
programs to the pomt of recommendmg a full smte of core bIOlOgIcal
measurements for core GEM program momtonng m the ACC

(

\'--../
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Table 20 presents the proposed schedule and strategy for Implementation Table
20 Proposed Implementation Strategy for Alaska Coastal Current Habitat

Monitormg ActiVity Data
Fiscal Year Core Partners Model Management

2003 SynthesIs MOnitor Statlstlcal(c) Coordination (c)

Research Numencal (p)

2004 SynthesIs MOnitor Statlstlcal(c) Coordmatlon (c)

Research Research Numencal (p) Archlvmg(c)

2005 Research MOnitor Statlstlcal(c) Coordination (c)

Research Numencal prototype (p) Archiving (c)

Dlstnbutlon (p)

2006 Research MOnitor Statlstlcal(c) Coordmatlon (c)

MOnitor Research Numencal (p) ArchiVing (c)

Dlstnbutlon (p)

2007 MOnitor MOnitor ArchiVing (c)

Research Numencal (p) Dlstnbutlon (p)

Notes

c = core (GEM program supported) activity

p = partnership (jomtly supported) activity

Candidate partners UAF (IMS School of Flshenes and Ocean SCiences [SFOS]) U S
Department of Intenor (DOl) (National Park Service [NPSj USFWS USGS) North PaCific
Research Board (NPRB) NOAA (NMFS/Natlonal Ocean Service [NOS]), EPA ADEC EMAP

Candidate core mOnltonng activIties GAK1 Hmchmbrook Entrance Montague Strait

Candidate core vanables temperature, salinity, fluorescence plankton forage species

10 5 3 Candidate Partner ActiVities

NOAA's mterest m the ACC contmues to be hIgh, as demonstrated through Its
partICIpatIon m the GLOBEC and OCC programs and some contmumg work m the
FOCI program m Shehkof StraIt It IS almost certam that the GAKl statIon and lme,
maIntamed and momtored by the UmversIty of Alaska and m place now for
decades, will playa central role m future momtormg of the phYSIcal structure of the
ACC based on temperature and salImty measures Recently added bIOlOgIcal
measures, mcludmg chlorophyll a, willhkely be maIntaIned and supplemented
Other opportumtIes for partnershIps mclude GLOBECs more recently establIShed
statIons from PWS across the contmental shelf and one of the lmes used m the
FOCI program m the ShelIkof StraIt The USGS, whIch has an establIShed set of
seabIrd momtormg colomes spaced at about SOO-km mtervals around the GOA and
mto the Bermg Sea, IS another strong candIdate for a partner Close coordmatIon
WIth methods of the colomal seabIrd program of the USFWS Alaska MantIme
Refuge IS enVISIOned to make seabIrd data consIStent around the coast of Alaska
For measurmg forage speCIes vanabIlIty, populatIon abundance data from the
ADF&G on PaCIfIC herrmg m PWS and also for populatIons at KodIak Island and m
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Kanushak Bay, although not complete, may be useful Startmg m FY 04 and
extendmg through FY 06, partners wIll be encouraged to assISt m fundmg research
to further sIte selection for morutormg the ACC

Plankton measurements (settled volume) are now bemg taken by potential
partners at SIX hatchenes m PWS On the basIS of past correlations of plankton
settled volume WIth annual pmk salmon returns and decadal-scale herrmg
abundance, these data could provIde mformatIon about productivIty of the ACC
system of relevance to multiple specIes under certam condItions ExtensIon of the
"plankton watch" to hatchenes m other areas and local commurutIes throughout
the northern GOA may be a worthwhIle and potentially economIcal way to
mamtam long-term data sets and archIves of plankton Other opporturutIes to
collect samples and analyze plankton commurutIes may mclude CruISes With net
and hydroacoustIc samplmg, as well as satellite Images Also of pOSSIble ment are
the use of shIps that offer opporturutIes, for example, the contInuous plankton
recorder IS recommended to be deployed on oIl tankers travelmg from Valdez to
Long Beach under EVOS sponsorshIp m FY 02 Certamly any satellite Images of
the sea surface that measure chlorophyll a concentrations prOVIde very useful
synoptic pIctures, even takmg mto account the lImItations that cloud cover and lack
of subsurface data present DeCISIons will be made WIth the gmdmg phIlosophy of
collectIng data of relatively low frequency m space and tIme so that decadal scale
change can be resolved

Perhaps the largest challenge for the ACC habItat will be developmg
morutormg activIties to measure vanability m forage fISh populations and
assocIated predator populations Some options for exploration of partnershIps for
assessmg forage fISh abundance and assoCiated phenomena mclude the followmg

./

•

•

•

•

•

Larval surveys buI.1dmg on the databases and archIved specImens from the
FOCI program

Use of forage fISh occurrence m the stomachs of large fISh collected m the
sport fIShery-or m some of the large fIShery assessment programs
conducted by NOAA and ADF&G-as an mdex of relative abundance (The
Trustee CouncIl sponsored a successful study of these occurrences of forage
fISh m the sport fIShery for hahbut out of Homer)

Small mesh trawl surveys conducted by ADF&G around KodIak Island and
Lower Cook Inlet to assess shrImp abundance (A large database from thIs
program extends for some locations back to the 1960s for a large varIety of
speCIes on the mner shelf )

Aenal surveys WIth the use of conventional photography or other sorts of
Imagmg (such as LillAR) of shallow water aggregations of JuvenIles or
adults

HydroacoustIc sensors mounted on varIOUS shIps of opporturuty and fIXed
moormgs
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• AnalySIS of food Items brought back to the nests of colomal seabIrds (such
as puffIns) as an mdicatIon of the relatIve abundance of VariOUS forage fIsh
speCIes m partIcular areas

• Other net samplmg programs that may be under way or contemplated

1054 Models

Several hydrographIc and CirculatIon models have been or are bemg developed
for the ACC (see also Chapter 12 and AppendIX B) A CIrculatIon model workshop
IS planned m FY 02 to consIder approaches most hkely to be useful to the GEM
program Models of the relatIonshIp of marme planktomc productIon to water
column structure have been developed m the EVOS SEA program (Eslmger et al
2001) and are expected to eventually be further developed under the GEM
program

The GLOBEC nutrIent-phytoplankton-zooplankton (NPZ) 1-D and 3-D models
are a SUIte of coupled bIOlOgical-physIcal models concerned WIth the coastal region
of the GOA They are addressmg effects of concern to the GEM program m the
ACC and offshore cross-shelf transport, upstream effects, local productIon, and
condItIons condUCIve to SUItable Juvemle salmon rearmg habItat

Models of partIcular mterest from the FOCI program are the 1-D and 3-D
versIOns of the Shehkof NPZ models, and the GOA Walleye Pollock StochastIc
SWitch Model (SSM) (see Chapter 12 and AppendIX B) The ShelIkof NPZ models
are a set of coupled (bIOlOgical and phYSIcal) models deSIgned to examme
hypotheses about pollock recrUItInent m the Shehkof StraIt regIon (see Chapter 12
and AppendIX B) The Pollock SSM IS a numencal SImulatIon of the process of
pollock recrUItInent Of partIcular mterest to the GEM program IS the IdentIfIcatIon
by the SSM of three specIfIc agents of mortalIty wmd mIXmg, ocean eddies, and
random effects Ecopath models developed by Okey, Pauly, and others at the
Umversity of BntIsh ColumbIa are also of mterest, especIally for PWS, but also for
the GOA contInental shelf and slope (excludmg ~ord, estuarme, and IntertIdal
areas) (see AppendIX B)

1055 candidate Core MOnitoring ActiVities

It appears that the phYSIcal oceanographers have developed a level of
understandrng about mner-shelf dynarmcs that will allow the GEM program to
IdentIfy a core set of measurements, locatIons, and frequenCIes that address
questIons relevant to the GEM program A core momtormg actIVIty based on the
partnershIp at the GAK1 statIon IS hkely Others may be added In FY 04 to FY 07
as IdentIfIed by synthesIS and the results of other programs (GLOBEC and Faa
statIons and moorIngs) and as fundIng allows Full core momtorIng In the ACC
may not be fully operatIonal untIl FY 07
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10 5 6 candidate Core Variables

The key vanables m measurmg the produchvlty of the ACC are temperature,
msolahon, Salmlty, fluorescence, and abundance of key forage specIes, mcludmg
ftsh and zooplankton

10 6 1 Key Question10 6 Offshore" Outer
Contmental Shelf and
Oceamc Waters

What are the relahve roles of natural forces,
such as changes m the strength of the Alaska
Current and Alaskan Stream, nuxed layer depth of
the gyre, wmd stress, and downwellmg, and

human achons, such as polluhon, m determmmg produchon of carbon and Its
shoreward transport?

10 6 2 Schedule

As WIth the ACC porhon of the program, results of GLOBEC research need to
be carefully consIdered before lffiplementahon of long-term morntormg m thIS
broad habItat type TIus dehberate approach IS reflected m the emphasIS on
synthesIS for thIS habItat type m the early years of the proposed schedule and
strategy for lffiplementahon (Table 21)

Table 21 Proposed Implementation Strategy for Offshore Habitat

MOnitoring ActiVity Data
Fiscal Year Core Partners Model Management

2003 SynthesIs MOnitor Stabstlcal(c) Coordination (p)

Research

2004 SyntheSIS MOnitor Stabstlcal(c) Coordination (p)

Research Archlvlng(p)

2005 SyntheSIS MOnitor Statlstlcal(c) Coordination (p)

Research Numencal prototype (p) Archiving (p)

Dlstnbutlon (p)

2006 SyntheSIS MOnitor? Statlstlcal(c) Coordination (p)

Numencal (p) Archiving (p)

Dlstnbutlon (p)

2007 SynthesiS MOnitor? Archiving (p)

Numencal (p) Dlstnbutlon (p)

Notes

c = core (GEM program supported) activity

p = partnership (Jointly supported) activity

Candidate partners NPRB, NOM (NMFS/NOS) Canadian Department of Flshenes and
Oceans (CDFO) Japan Fishery Agency

Candidate core mOnltonng actiVIties GLOBEC stations Valdez-Long Beach Line

Candidate core vanabies nutnents detntus and plankton, temperature and salinity

I I
\~ /
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In Support of
Monitoring

GULF ECOSYSTEM MONITORING AND RESEARCH PLAN

10 6 3 candidate Partner ActiVities

Support of partners m eXIStmg momtormg projects may be necessary to obtam
sufftclent InformatIon for desIgn of a momtormg program Because of the expense
of mitIatmg most offshore sampImg programs, careful selectIon of partners and the
use of long-term, low-frequency data gathermg will be key strategies for
understandmg decadal-scale changes m thIS enVIronment Current efforts to apply
the contmuous plankton recorder (CPR) technology on shIps of opportunIty m the
GOA offer partnershIp opportunItIes ExtensIOn of eXIStmg shIps of opportunIty
programs to mclude measurement of vanables of mterest to the GEM program IS
also a pOSSIbility

10 6.4 Models

The GLOBEC NPZ 1-D and 3-D models are dIScussed above m SectIon 10 5 4
A broader model addressmg NPZ for the entIre North Paaftc IS the North PaCIfIC
Ecosystem Model for Understandmg RegIOnal Oceanography (NEMURO) Fluxes
of mtrogen, SIlIcon, and carbon will be tracked (see AppendIx B)

10 6 5 candidate Core MOnltormg ActiVities

A reasonable oceanographIC program m the ACC can probably be extended
across the shelf break WIth the use of eXIStmg GLOBEC, FOCI, and OCC sampImg
statIons, moormgs, and transects The use of the Valdez-Long Beach Ime WIth oil
tanker-mounted fluorescence and zooplankton sampImg gear appears to be an
attractIve strategy for long-term, low frequency sampImg over large spatIal scales

10 6 6 Candidate Core Variables

PartIcularly cruCIal aspects of the offshore enVIronment are phYSIcal processes
and attendant bIOlogICal responses at the shelf break and front (for example, extent
of deep-water mtrusIOn onto the shelf m the late summer and fall), the mIXed layer
depth m the Alaska Gyre m the sprmg-summer, and Ekman transport of offshore
productIon onshore Measurements of basIC varIables are essentIal to
understandmg the role of these offshore aspects m affectmg prodUctIVIty of other
habItats These vanables mclude temperature, sahmty, nutnents, detrItus, and
plankton

The "research agenda" IS a lIst of past and
potentIal Trustee Council actIVItIes that the
subcOmmIttees and work groups Withm each
habItat type (Chapter 11) can use to develop a
plan of actIon m FY 02 and beyond Table 22

summanzes the planned and potentIal actIVItIes of FY 02 that are of mterest m
estabhshmg the research agenda for GEM ImplementatIon Tables 23 and 24
summarIZe actIVItIes funded by the Council m FY 01 and FY 00 that are of potentIal
mterest to GEM ImplementatIon
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Table 22 Fiscal Year 2002 Funded and Deferred Activities for the GEM Program

Listed with project number If assigned and tlt/es ofactivities

Habitat SynthesIs and
Type Workshops Research Modelmg

Watersheds 02612-1<enal 02649-Reconstructlng sockeye
River Manne- 02667-Comm1SSlon for the
Terrestnal Links Conservation of Antarctic Manne LIving

Resources Ecosystem MOnitoring
Program (CEMP)

02668-Water Quality Database

Intertldal- 02395-Workshop 02556-Mapplng Intertidal
Subtidal on intertidal

02538-Hernng stock IdentificationmOnltonng
0221o-Youth Area Watch

ACC Workshop on 0234Q-GAK1 02603-0cean
modeling 02552 Exchange between PWS and Circulation
circulation GOA" Modeling"

02614-Physlcal data from tankers

02671-8hlps opportUnity In Lower
Cook Inlet

02584-Alrbome remote sensing

02561-Communlty based forage fish
sampling

02404-Archlval tag testing

02538-Hernng stock Identification

0221O-Youth Area Watch

Offshore Workshop on 02614-Physlcal data from tankers 02603-0cean
modeling

02624-8hlps opportUnity CPR Circulation
circulation

(Continuous Plankton Recorder) Modeling"

"Funding decIsion deferred to 12101

EditOrial note We defimtely want to mclude Tables for FY 00 and FY 01 for studies
that were done for "GEM transltlon and synthesIs"
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Table 23 Fiscal Year 2001 Funded ActivIties for the GEM Program
LIsted with project number If assigned and tlt/es of activities

Habitat
Type

Watershed

Intertidal
Subtidal

ACC

Offshore

SynthesIs and
Workshops Research

01385-Kachemak Bay Momtonng

0121Q-Youth Area Watch

0134Q-GAK1

01552-Exchange between PWS and
GOA

01404-Archlval tag testing

0121Q-Youth Area Watch

Modeling

01391-Cook
Inlet Information
System

0145-0ata
System for GEM

01391-Cook
Inlet Information
System

01455-0ata
System for GEM

01389-3-D
Ocean State
Simulatron
Modeling

01391-Cook
Inlet Information
System

01455-0ata
System for GEM

01389-3 D
Ocean State
Simulation
Modeling

01391-Cook
Inlet Information
System

01455-Data
System for GEM
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"-/ Table 24 Fiscal Year 2000 Funded ActivIties for the GEM Program
Listed with project number If assigned and titles of activIties

Habitat SynthesIs and
Type Workshops Research Modeling

Watersheds 00567 Contaminants mOnltonng 01391 Cook Inlet
Information
System

00455 Data
System for GEM

Intertldal- 00374 Hemng 0021D-Youth Area Watch 01391 Cook Inlet
Subtidal recommendations

00501 Seabird mOnltonng protocols
Information
System

00509 Harbor seal expenmental design
00455 Data

00510 Intertidal mOnltonng System for GEM
recommendations

00567 Contaminants mOnltonng

ACC 00374 Hemng 0134Q-GAK1 01391 Cook Inlet
recommendations

00552 Exchange between PWS and Information

GOA
System

0021D-Youth Area Watch 00455 Data
System for GEM

00493 Sampling strategies for GOA
trawl survey

00501 Seabird mOnitoring protocols

\ 00567 Contaminants mOnitoring
"-../

Offshore 00567 Contaminants mOnitoring

01391 Cook Inlet
Information
System

00455 Data
System for GEM
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GEM Chapter 11 Program Management 070601 Page I

Nohce Thts verSIOn of 07/06/01 of the chapter on program management IS a
prelImmary draft that has not been through the edltonal process It IS subject to
substanhal change and It IS offered for the purposes of Imhatmg a dIscussIon on
program management only

Chapter 11. Program Management

In tlus chapter

• A draft process for program mVltmg, revIewmg, approvmg and adoptmg
projects

• Prehnunary defmttIons of the processes for gettIng adVIce from experts and the
pubhc

• Prehnunary data management and mformatIon transfer pohCles

111 Introduchon to Program Management

The GEM momtormg and research actIVItIes and the pohcles of the Trustee COunCll are
Implemented and admmIstered by a supportmg staff (see GEM Program Management
Outlme FIgure) The staff IS responsIble for marntammg the GEM Program Document
(GPD), Issumg the InVItatIon, and Implementmg the Work Plan (WP), as penodIcally
approved by the Trustee COunCll The Trustee COunCll and the staff receIve adVIce on
sCIence and pohcy matters, mc1udmg reVIew of momtormg and research actIVItIes, from
experts and from the pubhc Expert and Pubhc AdVISOry bodIes are estabhshed and
supported by the COunCll to serve the GEM Proposal EvaluatIon Process (PEP) and other
needs As necessary for Issumg the InVItatIon, for ImplementatIon of the WP and
mamtenance of the GEM Program Document, the staff collaborates WIth all concerned
pubhc and pnvate partIes

1111 GEM Program Document (GPD)

The GPD explarns the purposes and pohcles of the program and what It expects to
accomplIsh (see Chapters 1- 3), and It estabhshes the rustoncal and contemporary
contexts of SCIentIfIc knowledge and surroundmg Issues of concern to the Trustee
COunCll (see Chapters 4 - 5) Key parts of the GPD are the Conceptual FoundatIon (see
Chapter 6), the Current InformatIon Gathermg (see chapter 7), and the Momtormg Plan
(see Chapter 10) In the future the GPD IS expected to be penodIcally reVIewed and
adopted by the Trustee COunCll (see FIgure GEM Proposal EvaluatIon Process)

111 2 InVItatIon

The mVItatIon calls for proposals to Implement the GPD approved by the
Council The Expert and Pubhc AdVISOry bodIes help frame the InVItatIon through an
annual process of consultatIons and workshops that add preCISIOn to the specIfic
questIons posed m the momtormg plan
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The mVltabon serves to focus the proposals received on purposes relevant to the
Councrl's nusslon and goals By commumcabng the types of mforrnabon reqUITed m
proposals, and the cntena to be used for evaluabng proposals, It IS also the frrst step m
lffiplemenbng the programmabc goals and pohCles of the Councrl (see Chapters 1- 3)
Programmabc goals are purposes the Council WIShes to achteve m addtbon to
evaluabng testable hypotheses related to the GPD, such as promobng commumty
mvolvement, developmg resource management apphcabons, and leveragmg of funds
from other sources
(see Figure GEM Proposal Evaluabon Process)

111 3 GEM Proposal Evaluabon Process (PEP)

Proposals subffiltted m response to the mVltabon durmg an open penod go
through a senes of steps that determtne whether they become part of the Work Plan
(Figure GEM Proposal Evaluabon Process) It IS enVisioned that the proposals as
subffiltted will be part of a Proposal Database The proposals will answer specmc
quesbons that allow the staff, experts, and the pubhc to understand not only how the
proposed acbVlty would contnbute to mformabon gathenng, but also how It contnbutes
to meebng programmabc goals and pohcles of the Council (see Chapters 1- 3), such as
for promobng commumty mvolvement, developmg resource management apphcabons,
evaluabng testable hypotheses related to the GPD, and leveragmg of funds from other
sources

(see Figure GEM Proposal Evaluabon Process)

111 3 1 PEP Staff Screenmg

Staff screenmg ensures that each proposal contams the mforrnabon needed for
peer and pubhc reView, as well as for reView and adopbon by the Councrl Proposals
forwarded to the Peer ReView are cerbfted as havmg answered the quesbons asked m
the proposal subnusslon process, however no Judgments are made by staff at thIS stage
on the quality or suffiClency of the responses Proposals not havmg subffiltted the
reqUITed mforrnabon will be returned to the author With a llSt of the nussmg Items, and
may be re-subffiltted m a bmely manner

Staff screenmg also mvolves flaggmg each proposal whtch mvolves members of
the Subcoffiffilttees and WorkIng Groups so that they will not be sohClted for peer
reView The bUes, abstracts and contact mforrnabon for parbclpants for proposals that
pass screenmg m the bme allotted would be posted on the web, and a means for
recelvmg pubhc comment over the web and m the mail would be provided A post card
matlmg would announce availability of paper copies of proposal bUes and abstracts and
contact mforrnabon on request

(see Figure GEM Proposal Evaluabon Process)

111 3 2 PEP Peer ReView

After screenmg proposals are forwarded (electromcally) to the Subcomffilttee
mdtcated m the proposal to start the peer review process The Subcoffiffilttee Charr
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arranges for three peer reV1ews to be prepared and subnutted directly to the GEM staff
The Subcomm1ttee ChaiT sends the staff a copy of the conrnmatlon of the acceptance of
the reVlew, and the staff 1S respons1ble for all follow up, trackmg the peer reV1ew to 1ts
end pomt, keepmg the Subcomnuttee ChaiT m the loop When the expertlse or tlme
cannot be found among Subcomnuttee members to do the peer reVlew, as may often be
the case, the Subcomnuttee ChaiT locates the appropnate reV1ewers from outs1de the
Subcomm1ttee w1th help from the Co-ChaiT and other members (perhaps from a
Workmg Group member or lllStltutlonal contacts) Peer reV1ewers respond to a set of
questlons regardmg the general sC1entlhc competence of the proposal such as suf£1c1ency
of hterature c1ted and other questlons related to the understandmg of the problem,
adequacy of expenmental des1gn, hkehhood that obJectlves can be acilleved, whether
suf£1Clent or excess tlme and matenal resources have been requested, and so forth
Questlons of how the proposal would "£1t m" to the overall sClentlhc program, as
descnbed m the GPD, would not be addressed at this level m order to make the pool of
peer reV1ewers as large as poss1ble A peer reV1ewer would not have to be fanuhar Wlth
the GPD m order to reV1ew a proposal If a peer reV1ew cannot be completed Wlthm the
tlme allotted, the proposal would be carr1ed over to the next cycle of approval, 1£ the
author so desiTes

The staff forwards the reV1ews and proposals for those that have rece1ved three
peer reV1ews W1thm the tlme allotted to the Core Comm1ttee and the Pubhc Adv150ry
Group The ChaiT of each body arranges for a mnumum of one reV1ew for each proposal
from among the membersillp, excludmg from the reV1ew process for a parncular
proposal any member who 15 a partlc1pant ill the proposal The Chairs send the staff a
copy of the conhrmatlon of the acceptance of the reV1ew, and the staff 15 respons1ble for
all follow up, trackmg the reV1ew to 1ts end pomt, keepmg the Subcomnuttee ChaiT m
the loop ReV1ewers respond to a senes of questlons regardmg how the proposal would
fulf1l1 sClentlhc needs m the momtonng and research program, and meet programmatlc
goals, and lffiplement the pohCles estabhshed by the COunCll Any member may
volunteer to do more than the ass1gned reV1ews, and they should be encouraged to do
so

The ChaiTS would each draft a report on the proposals that would be illscussed,
modlf1ed and adopted at a meetlng after the end of the reV1ew process The report
would summarlZe the comnuttee's perspectlves on progress m program
lffiplementatlon, illghhghtlng any proposals of partlcular mterest or ment The report
would enter the Councll Rev1ew process at 1ts nutlatlon and become part of the record

111 3 3 PEP Staff ReV1ew
The staff 15 respons1ble for prepanng an "overall staff" recommendatlon to the

CounClI on each proposal, willch would COns1St of three parts, SC1ence, pohcy and fucal
1mpacts The Cillef SClentlst's recommendatlon would address a senes of pomts
regardmg the competency and need for the project The pohcy recommendatlons would
address attalnment of programmatlc goals and effects on pohcy lffiplementatlon F15cal
lffipacts would address lffipact on overall budgets for the hfe of the project The overall
staff report would enter the Councl1 ReV1ew process at 1ts start and become part of the
record (must be completed W1thm two months after rev1ew)
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111 3 4 PEP Council Review Process

After havmg had SIX months to become generally familiar With the proposal
package (Via the web, or by maIl) the Council starts Its review With a record conslstmg of
the overall staff recommendatIon (polIcy and SCience), the Expert and PublIc AdVISOry
Reports, and the publIc comments received over the SIX month open comment penod
Tlus penod IS to allow the Council members to study the recommendatIons and to
request additIonal InformatIon

111 3 5 PEP Council AdoptIon

The CouncIl would adopt or reject proposals Proposals adopted would become
part of the Work Plan

1114 Work Plan

The WP documents the current contractual actIVItIes that Implement the program As
projects for morutonng and research are adopted by the Council and Implemented, they
become part of the WP, and when a project IS termmated It IS removed from the WP
The CouncIl IS asked to adopt new groups of projects mto the WP, not to adopt an
entIrely new WP as IS now done

111 5 Expert AdVice

The expert adVice process, as supported by the staff, provides reVIew of
proposals and testable hypotheses that proposals need to address, for each of the four
habitat types (see The core COmmIttee through Its Charr proVides a recommendatIon on
each project proposal to the GEM ChIef ScientIst who recommends the project to the
Council A staff report and recommendatIon addressmg the adherence of the project to
the programmatIc goals, Impact on current and out-year budgets, and the admmlStratIve
standmg of the pnnclpal mvestIgators IS made for each proposal ConflIcts between
ChIef SCientIst recommendatIons and staff recommendatIons are not antICIpated,
because the cntena for these two types of recommendatIons are dIfferent, so the
recommendatIons address dIfferent ISsues As trustees, the CouncIl may adopt, reject or
ask for further conSideratIon of a proposal at Its discretIon
The Council would meet regularly (two or three tImes a year?) to consider proposals

111 5 1 Core cOmmIttee, subcommittees and work groups

The subCOmmIttees are orgaruzed around the four broad habitat types, watershed,
mtertIdal and subtIdal, Alaska Costal Current, and offshore (Outer contmental shelf and
Alaska gyre), connected by a core COmmIttee of reVIewers (FIgure Mon Plan 1)

111 5 2 Purpose
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The frrst purpose of the core comnuttee IS to provIde leaderslup to the subcommIttees
and work groups to IdentIfy and develop testable hypotheses relevant to the key
quesbons subject to the constramts estabhshed by the goals and pohcles of the Trustee
Council The second purpose of the core comnuttee IS to support the subcomnuttees and
work groups m the process of 1Illplemenbng core morutormg stabons and IdenbfIcabon
of core vanables The thIrd purpose of the core comnuttee IS to work m concert WIth the
subcomnuttees and work groups to IdentIfy and recommend for mVItabon syntheses,
models, process studIes, and other research acbVIbes necessary to support morutormg
and research Lastly the core comnuttee members, along WIth the subcomnuttee and
work group members aSSIst the ChaIr by locabng peer reVIewers and by conducbng
brnely peer reVIew of responses to mVItabons for proposals

The frrst purpose of the subcomnuttees IS to IdentIfy and Implement core morutormg
stabons and vanables that are relevant to the key quesbons and testable hypotheses, as
subject to the constramts estabhshed by the goals and pohCIes of the Trustee CouncIl
The other purposes of the subcomnuttees are to respond to requests from the ChaIr for
recommendabons on testable hypotheses m theIr broad habItat type, IteIns for mVItabon
m theIr broad habItat type, and peer reVIewers m theIr broad habItat type, and to
conduct peer reVIew on Items m theIr broad habItat type, as requested by the Charr

The only purpose of the work group IS to develop speCIfIc products and peer reVIews m
response to the request of the Charr Examples of products are the preCISe language
mVIbng a parbcular syntheSIS, modehng, or research project The work groups are
mtended to provIde products needed by the Subcomnuttees and core comnuttee, under
the coordmabon and drrecbon of the Charr

111 5 3 Memberslup on Expert CommIttees

The core commIttee IS composed of emerItus and seruor sCIenbsts selected pnrnarily for
expertIse and leaderslup m a fIeld of study The majorIty of the core comnuttee members
would not be prmcIpal mvesbgators for GEM projects A member of the GEM staff
would be a permanent member of the core comnuttee Insbtubonal and professIonal
affIhabons are of secondary mterest m selecbng members, smce connecbons to PICES,
NPAFC, and Council agenCIes need to be observed Core members may commonly
serve as Subcomnuttee members, and rarely serve as work group members

The subcomnuttee IS composed seruor and other workmg sCIenbsts selected
pnrnarIly for dISCIphnary experbse and familiarIty WIth the broad habItat type
(watersheds, mterbdal-subbdal, ACC, offshore) Insbtubonal and profeSSIOnal
affIhabons are of secondary mterest m selecbng members, smce connecbons to PICES,
NPAFC, and Council agenCIes need to be observed Charrs of subcomnuttees are
members of the core comnuttee

The work group IS composed of experts chosen to solve a parbcular problem m a fImte
amount of brne
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Expert AdvIsory Bowes' Funcnons

Funcnons SubcommIttees
Core Work

COmmIttee Groups

Refme key quesnons X
X X X

Defme/refme spectftc quesnons, core
varIables, testable hypotheses
Coordmate core morutormg X X
Suggest research areas X X X
Suggest synthesIs X X X
Convene workshops X
Work Plan RevIew X
Peer ReVIew X X

111 6 Pubhc AdvIce

Pubhc adVIce IS essennal to the Counal's GEM program (see FIgure GEM
Proposal Evaluanon Process) As IS the case WIth the Expert AdvIsory process, the
Pubhc AdvIsory Process has dIrect access to the Council, and to the Staff, through
standmg commIttees, and pubhc meehngs, mc1udmg workshops

11 2 Data Management and Informahon Transfer Pohcles

Data management and mformanon transfer opnons and procedures are consIdered m
detail m Chapter 13 As a regIOnal program WIth goals of cooperanon, coordmanon and
mtegranon WIth eXlshng marme SCIence programs, data pohcres are to be companble
WIth and sImilar to eXIshng norms for state, federal and nongovernmental marme
SCIence programs Whenever possIble, eXIshng norms will be adapted or adopted for
use by the Council Standards adopted by the Federal Geospanal Data COmmIttee
(FGDC), GLOBEC, and the EPA's EnvIronmental Morutormg and Assessment Program
are consIdered gUldelmes for developmg GEM data pohcres From basIc begnuungs,
data pohcles will evolve to support GEM projects as they are Implemented (see Chapter
10) Our workmg defmtnons are that"data" are basIc observanons on the state of the
system, and "mformanon" IS data processed to be mtelhgtble to, and of ImmedIate use
to specIalIsts or the pubhc
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The GEM data pohcles mcorporate eight broad elements and supportmg parts

1 GEM has a COmmltment to the mamtenance and long-term avadability of data
2 Full and open sharmg of data at low cost after venftcabon and vahdabon
3 Tlffiely avadablhty of data
3 2 Dependmg on the type of data, It will be avadable to the Councr1 from almost

lffiffiedlately to 12 months
3 3 All data will be avadable pubhcly Wlthm 24 months
3 4 All data will be made avadable on the GEM pubhc web site
3 5 All data will be Idenbhed With a cltabon
4 Parbclpants will adhere to the GEM data collecbon and storage standards
5 Cltabons will be provided to the GEM Blbhography
6 Acbve parbclpabon m the GEM web site 18 encouraged for all parbclpants
7 All data wdl be copied to the designated storage facility for long-term archtvmg
8 The text of a data use statement IS to be mcluded m the mVltabon, attached to

proposals, and m the letter of grant award

1121 Mamtenance and long-term avadability of data
The Trustee Councd has a COmmltment to marntammg and makmg avadable
data collected With Its funds

11 2 2 Full and open sharmg of data at low cost after venftcabon and vahdabon
Data collected at pubhc expense needs to be freely avadable m a useful form to
anyone who wants It at reasonable cost

11 2 3 Tlffiely avadability of data
In the mterests of allowmg sCientISts who deSign experlffients to collect data to
get proper credIt for therr efforts, and to meet the need to msure that data are
reasonably error free and precisely descnbed before dtstnbubon, some delay
between data collecbon and dlstnbubon

11 2 4 Parbclpants wdl adhere to the GEM data collecbon and storage standards
Whenever standards for collecbon of data have been establtshed by sClenbhc
dIsclplmes need to be observed m all cases when data are collected Data need to
be stored and transmitted to the Councd m estabhshed formats

11 2 5 Cttabons will be provided to the GEM Blbhography
When pubhcabons m Journals or books are made usmg data collected at Councd
expense, the Councd should receive credit m the pubhcabon, and the cltabon
should be provided to the Councd for Its blbhography

11 2 6 Acbve parbclpabon m the GEM web site 18 encouraged for all parbclpants
The web IS a baSIC tool of commumcabon for commumcabon of data and
mformabon collected at councd expense Parbclpants m Councd fundmg are
encouraged to proVide hnks to therr own web Sites, or to post therr matenals on
the Councd's web site descnbmg therr acbVlbes for the Councr1
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11 2 7 All data wIll be copIed to the desIgnated storage facIhty for long-term archIvmg
The CouncIl mtends that all data collected at Its expense will become part of a
long-term data archIve such as the Nahonal Ocean Data Center

11 2 8 The text of a data use statement IS to be mc1uded m the mVItahon, attached to
proposals, and m the letter of grant award
RecIpIents and potenhal reCIpIents of GEM fundmg agree to abIde by the
CouncIl's data management and mformahon transfer pohCIes as a conmhon of
parhcIpahng m the process of proposal considerahon, award of fundmg, project
conduct and complehon

Tluee FIgures follow

Program Management Outlme

EVOS Trustee CouncIl

Pubhc AdvIce
Commurutles
Stakeholders
Resource AgenCIes
Others

Staff

...
II1II IWork Plan

~,_L

CollaboratlOn wIth
others Pubhc, NPRB,

PICES, Agency
Programs

GEM Program
Document

Peer
ReVIew

Expert
AdvIce
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Figure Mon Plan 1 GEM Core MOnltonng Committee Structure, and relation to
subcommittees and working groups

Chair, Core SCientific Committee

Core SCientific Committee (standing)

SCientific Subcommittees (standing)

Watersheds, Intertldal-Subtldal, Alaska Coastal Current, Offshore

SCientific Working Groups (limited duration)

Examples SyntheSIS on measuring reduced Iron, ACC SyntheSIS, Modeling
nitrogen geochemistry
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GEM Proposal Evaluation Process

InVItation

Proposal

Staff Screenmg

Peer ReVIew

Staff ReVIew WIth

PublIc & Expert ReVIew

Work Plan

CouncIl Adoption

CouncIl ReVIew
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12.1 Purposes of
Modeling

12. MODELING

In ThIs Chapter

~ Goals of gathermg and analyzmg data WIth models

~ Use of a hIerarchal strategy m decISIon-makIng

~ Modelmg strategIes and methods

Edltonal notes

FIgures 1 and 2 - Gretchen uses these to Illustrate conceptualfoundation
If these appropnately descnbe foundation, we should use them - or
something SImilar- In chapter 6, not In thIs chapter FIgure 3 looks ok
for modeling chapter

The ultunate goal of both gathermg data and
developmg models IS to mcrease understandmg
PIckett et al (1994) ([pace 2001] p 69) defIne tlus
goal, m the realm of SCIence, as "an obJecbvely

determmed, empIrIcal match between some set of confrrmable, observable
phenomena m the natural world and a conceptual construct"

A model-Pickett's "conceptual construct"-IS useful If It helps people represent,
examme, and use hypothebcal relabonshIps Data-PIckett's "confrrmable,
observable phenomena m the natural world"-can be analyzed WIth statISbcal tools
such as the followmg

• Analyses of the varIance (ANOVAs), regresSIOns, and classIfIcabon and
regresSIOn trees (CARTs),

• Mathemabcal tools such as Founer transforms or dIfferenbal equabons,
and

• Quahtabve models such as engmeenng "free body" dIagrams, network
dIagrams, or loop models

Fundamental goals of statISbcal or mathemabcal analyses are to develop
correlabve, and perhaps even causal, relabonshIps and an understandIng of
patterns and trends In parbcular, there IS a need to dISbnguISh between random
vanability, nOIse, and patterns or trends that can be used to explarn and predIct

In other words, the goal of gathermg and analyzmg data IS to Improve our
conceptual and analybcal models of the world, and the goal of developmg models
IS to represent and examme hypothebcal relabonshIps that can be tested WIth data
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One of the most useful applIcatIons of even relatIvely sImple statIstIcal and
conceptual models IS m experImental desIgn that permIts mvestIgatIng the possIble
roles of vanous parameters and theIr mteractIons, rankIng the relatIve Importance
of uncertamtIes that may need to be resolved (Fahng 1991, Oosterhout 1998), and
estImatIng Impacts of sample SIZe and observatIonal error (Botkm et al 2000,
Carpenter et al 1994, LudWIg 1999, MeIr and Fagan 2000) StatIstIcal models assess
how the vanability m one or more kmds of data relates to vanability of others To
answer the "why" and "how" questIons, however, mechanIStIc models can be used
to develop and test hypotheses about causes and effects (Gargett et al 2001)
(MechamstIc m thIS use IS mtended to descnbe the phIlosophy of mechanISm,
especIally explaImng phenomena through reference to phySIcal or blologtcal causes)
For momtormg and modelIng to be useful for solvmg probleIns, they must
contrIbute to Improvmg decISIon-makmg (Botkm et al 2000, Hilborn 1997, Hollmg
1978, Hollmg and Clark 1975, Ralls and Taylor 2000)

Toward thIS end, one goal of the GEM program IS to use models predIctIvely to
asSISt managers m solvmg probleIns It IS Important that expectatIons be realIstIc,
however The mechanISIns that dnve ecologtcal systeIns, partIcularly those related
to clImate and human actIVItIes, are not currently well enough understood for
predIctIons about natural systems to be relIably successful It IS not unreasonable
to expect that predIctIve models that managers will be able to use to produce at
least short-term relIable forecasts will eventually be developed, but advances m
deCISIon-support models will requIre a long-term COmmItment to advancmg
understandmg on whIch those deCISIon-support models will ultImately have to be
based

PredIctIon IS, however, an Important goal of a modelIng program even m the
short run, because SCIence advances WIth the development and testIng of predIctIve
hypotheses MechanIStIc studIes are essentIal to advancmg understandmg, but
carrymg out these studIes requIres defImng cause-effect or predIctIve hypotheses,
and then testIng those predIctIons agamst subsequent data or events WIth analytIcal
models

The fundamental goal of the GEM program IS to IdentIfy and better understand
the natural and human forces that cause changes m GEM speCIes ThIS research
goal has a pragmatIc purpose that can only be served, m the end, by hnkmg
correlatIve and mechanIStIc StudIes WIth the predIctIve needs of decISIon makers
DecISIon-makmg, predICtIon, and understandmg are mevItably lmked, and
mamtammg that lInk can help keep a research program focused on Its ultImate
obJectIves, and help It to aVOId narrow mquIry and the dIStractIons of small
temporary probleIns (pace 2001)

An often-overlooked benefIt proVIded by the process of developmg a model IS
that It can, and probably should, facilItate commumcatIon among researchers,
managers, and the publIc
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12 2 Hierarchical
Framework

GULF ECOSYSTEM MONITORING AND REsEARQ-I PLAN

To summarIZe, m the GEM program, the specmc purposes of modelmg are as
follows

• Inform, commumcate, and provIde common problem defffiltIon,

• IdentIfy key varIables and relatIonslups,

• Set prIorItIes,

• Improve and develop experImental (momtormg) desIgns, and

• Improve decISIon-makmg and rISk assessment

It IS crItIcal that the GEM program develop a
luerarclucal modelmg strategy to ensure that
short-term, smaller-scale decISIOns about
momtormg and modelmg studIes will be

consIStent WIth the conceptual foundatIon and GEM program goals Smaller-scope
research StudIes to test partIcular hypotheses and develop correlatIve relatIonslups
must fIt Withm a larger synthesIS framework connectIng the more narrowly focused
research dIScIplmes DeductIve studIes to relate empmcal data to synthetIc
constructs are Just as Important as mductIve studIes to elUCIdate general prmCIples,
and It IS Important that researchers keep straight whether they are mvestIgatIng the
meamng of the data, gIven the theory, or the valIdity of the theory, gIVen the data
NeIther can be done unless modelmg, momtormg, and data management strategies
are developed together

As descnbed m SectIon 9 1 4 of Chapter 9, models for the purposes of the GEM
program may be verbal, VISUal, statIStIcal, or numencal StatIstIcal models are also
known as "correlatIve" and"stochastIc," and numencal models are also known as
"deterffiffilStIc" and "mechanIStIc" Note that"predIctIon," "analysIS" and
"sImulatIon" are terms that deSCrIbe the use of models, and not necessarily theIr
type (see Chapter 9) The modelmg luerarchy of the GEM program will prOVIde
lmks between observatIons and explanatIons, development of theory and deSIgn of
experIments, and advancement of SCIence and the practIce of management The
"top" of thIS luerarchy, the conceptual foundatIon, IS the source of questIons and
hypotheses to be explored StatIStIcal, analytIcal, and SImulatIon models will be
developed explICItly to lmk the "confIrmable, observable phenomena m the natural
world" to the "conceptual construct," as PIckett put It (Pace 2001, p 69)

For example, a VISual model of the conceptual foundatIon IS shown m an
mfluence diagram m FIgure 1, wluch shows the forces of change on the left and the
objects of ultImate mterest that are subject to change on the rIght In between the
two are the mtervenmg elements and relatIonslups on wluch the human and
natural forces act It IS the nature of the connectIons among these phYSICal and
ecolOgical elements that IS hypotheSIZed to brmg about the changes that the GEM
program seeks to understand Therefore, these connectIons should prOVIde the
overall modelmg structure
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ThIS conceptual model IS lmked to the momtormg plan through the vanables
defIned as "essential to momtor" m the conceptual foundation, Illustrated m a
network dIagram m FIgure 2 The analytical relationshIps between the momtored
varIables of FIgure 2 and the conceptual foundation represented by FIgure 1, are
developed and mvestIgated WIth statistical and analytical tools, called models

The ultImate goal of GLOBEC's Northeast PaCIfIC modelmg appears to be a
SUIte of computer models that represents an entire conceptual foundation The way
thIS IS framed m programs lIke GLOBEC, the North PaCIfIC Marme SCIence
OrgaruzatIon (called PICES), and Global Ocean Observmg System (GOOS) (see
Section 12 7, "Survey of Modelmg") IS as lmked phYSICal and bIOlOgIcal models
representing the phYSICal and bIOlOgIcal worlds over tIme and space (manne as
well as terrestrIal) The NRC descnbes thIS IdealIzed goal as follows (CommIttee
to ReVIew the Gulf of Alaska Ecosystem Momtonng Program et al 2001, P 16)

Develop a whole-ecosystem fIShery model as a guIde to thInk about
what needs to be momtored Such a model would use current and
hlStoncal data to relate yIelds to clImate data and contammant
levels and mIght stress bIolOgIcal and phYSICal endpomts
(zooplankton/phytoplankton blooms, macrofauna populations)
and clImate and phySIcal oceanography endpomts, m conjunctIon
WIth modelmg

Such a conceptual framework can stImulate heated arguments, creative debate,
and perhaps synthesIS among researchers who have tended to work m somewhat
mdependent fIelds WIth dIfferent theoretical foundations and languages (Zachanas
and Roff 2000) On a pragmatic level, however, It IS too general to help deCISIon
makers choose to fund one proposal over another

A feasIble way to proceed from what can be done now IS through an Iterative
process framed by the conceptual foundation (FIgure 3) The conceptual
foundation should be the exphcIt source of hypothetical correlative and cause-and
effect relationshIps Those relationshIps should be stated as hypotheses, and
should be used to determme what needs to be measured and when, where, and
how If the momtonng and modelmg plans are developed wIthm thIS framework,
the measurements can be compared to model predIctIons, the results can be used to
update the SCIentIfIc background and the momtormg plan, and the Iteration can
continue ThIS evolutionary process or adaptive feedback loop IS Illustrated m
FIgure 3

4

12.3 Defimng and
Evaluatmg Modehng
Strategies
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To begm WIth, the modehng strategy must be consIstent WIth GEM
programmatIc goals (Chapter 1) They can be summarIzed to mdIcate that GEM
modehng should accomplIsh the followmg

• Focus on fillmg gaps, thus aVOldmg duplIcatIon of efforts or "remventIng
the wheel,"

•

•

•

•

EmphasIZe synthesIS,

Depend as much as possIble on already eXIStIng programs,

Mamtam focus on the key questIons, and

EmphasIZe efficIency

In developmg a specIfIc management strategy, It IS often useful to thmk of It as
a decISIon framework (Keeney 1992), and to start by defmmg an Ideal For
example, to satISfy GEM program goals effICIently, an Ideal model would arguably
reqUIre mput data that are relatIvely easy to measure, readIly available, and relIable
mdIcators of change The cause-effect theory that drIves the modeled system or
speCIes behaVIor would be based not only on statIStIcally valId correlatIve studIes,
but also on plaUSIble and well-developed mechanIStIc studIes and theIr resultIng
theoretIcal constructs The model would produce credIble predIctIons under
plaUSIble scenarIOS, and would help answer questIons and raISe new ones

ThIS Ideal model would be easy for other SCIentISts and managers to
comprehend, and It would be readily available for others to deconstruct, test, and
crItIque The overarchmg conceptual model would be modularIZed so that
components of It could be developed and tested relatIvely qUIckly by experts from
multIple dIScIphnes Ideally, data already available could be used to test and
valIdate the components and theIr mteractIons, and could allow qUIck leammg that
could be used to redIrect the modehng and momtormg strategIes SensItIVIty
analysIS of the components, and the mteractIons between the components, would
be a hIghly productIve source for subsequent model and momtormg plan
development Model structure would be fleXIble and have robust mechanISms for
assImIlatIng new data and revISmg model structure As a result, short-term
progress toward the long-term goals could be achIeved and documented

A modehng strategy IS the roadrnap that proVIdes the means for acmevmg the
ultImate modelmg goals An IdealIzed modelhke the one deSCrIbed above IS a
useful step toward defInIng the attrIbutes of an effICIent, workable strategy
Development of such an IdealIzed model can produce a useful communIcatIon tool
Table 25IdentIfIes prehrnmary objectIves and attrIbutes derIved from thIS IdealIzed
model that could be used to evaluate modehng strategIes
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Table 25 Potential Objectives and Attributes
for Use in Evaluation of Modeling Strategies

Objective or Attribute

Relevance to key questions and
hypotheses of the GEM program

Contribution to future model
development

Efficiency of approach

Maintenance and development of
program support

Supported by models that help...

Identify key variables and relationships

Characterize uncertainty and noise, impacts of process and
observation error

Elucidate general principles rather than narrow, unique
focus driven by short-term perceived crisis

Inform, communicate, develop common problem definitions

Set priorities, clarify relative impacts of variables and
relationships

Improve and develop experimental (monitoring) designs

Prioritize and elucidate impacts of uncertainties in data and
in model structure and assumptions

Increase utility of using simpler models to identify key
variables and relationships to use in future models by _

Advance the state of the art; for example, increase available
methodologies by borrowing from other fields, particularly
engineering and medicine, tools such as neural nets,
genetic algorithms, CARTs, other kinds of regression
(Jackson et al. 2001)

Synthesize, exploit, and integrate existing data and existing
programs whenever possible; for example, from
oceanographic programs such as NOAA, OCSEAP,
GLOBEC, and GOOS

Identify and exploit uniqueness of GEM program
opportunity; for example, no one else is doing it because it
requires a very long time frame

Elucidate links between things that are easy to measure and
key indicators of change, whatever they might be

Elucidate links between correlations (which are usually
easier to develop) and explanatory mechanisms (which are
usually more difficult)

Accessibility of models to end users, other modelers

Contribution to data management, data assimilation effort

Contribution to solving problems for resource managers and
regulators

12.4 Modeling
Methods

6

The modeling"niche" of the GEM program will
be defined in part by a gap analysis, particularly
focused on where it fits with established major
regional programs, especially those of GLOBEC,

GOOS, and PICES. A very brief summary of the modeling approaches for these
programs is provided in Section 12.7, "Survey of Modeling."

The relationship between monitoring, models, and decision-making described
here is consistent with the relationships of these programs. The purpose of this
section is not to define all the other modeling efforts that might be related to the
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GEM program A useful context IS provIded by a table compiled for GLOBEC by
AydIn of NOAA (Seattle), wluch summarIZes North PacIfIc models of the Alaska
FIShenes SCIence Center and others (see SectIon 12 7, Table 26 and North PacIfIc
models m AppendIX B) Correctly defmmg the GEM program ruche IS Important to
aVOId duphcatIon of effort and to make best use of work already bemg done by
others

Developmg a model should be perfectly analogous to desIgnmg a controlled
experIment A useful model structure will be dnven by the questIons It needs to
help people answer, not by the computer technology and programmmg experbse
of model developers (although technology and experbse may Impose constramts)
As a general rule, useful models do not tend to be complex, m part because they
must be comprehensIble to be beheved and used by decISIon makers That Said,
models based on laws of phYSICS, wluch can be vahdated agaInst those laws and
eIther data or scale phYSIcal models, have advanced farther than ecolOgical models
m theIr abUIty to proVIde useful output from lughly complex models

12 4 1 Linkages Among Models and Among Modelers

One of the most Important challenges confronbng GEM modelers will be to
develop common languages and modehng frameworks that will allow them to
resolve the temporal, mathematIcal, ecolOgical, phySIcal, and spatial sources of
dISconnects among the varIOUS acadelillc paradIgms ThIS challenge will requIre
sIgmhcant cOmImtment to Improvmg commurucatIon SkIlls, developmg quahtahve
verbal or VISUal models, and usmg mtUlhve problem-structurmg tools that combme
different modehng technIques, such as network, systems, or loop models An
addItIonal benefIt of tlus kmd of approach IS that these types of VISual, quahtatIve
models should be comprehensIble to researchers from any SCIentIfIc dISClphne,
managers, and the pubhc The attrIbute of bemg WIdely comprehensIble will help
faClhtate the support of stakeholders

The feaSIbility of managmg GEM as a realIZatIon of the conceptual foundation
WIll depend m large part on the commumcatIon skills of experts m the components
and hnkages that make up the conceptual foundatIon Estabhshmg effectIve
commurucatIon among experts from dIfferent orgarnzatIons IS a WIdespread
problem facmg systems modelers (Caddy 1995), and the GEM program may be m a
good pOSItion to help advance the cause by makmg It pOSSIble for diverse experts to
work together Experts m these fIelds should brmg substantIal background
capabilitIes to theIr work from theIr common language of mathematics and SCIence
learned m graduate school The modelers of the GEM program also should be
reqUIred to demonstrate the abIhty to work WIth counterparts to develop a shared
systems VIew and conceptual models

12 4 2 Deterministic Versus StochastiC Models

Detecbng and understandmg change reqUIres that uncertamty and varIability
playa central role m the analyses (Ralls and Taylor 2000)
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Two key questIons that must be addressed by anyone trymg to detect and
understand change are the problems of Type I and Type IT error Type I error IS
"seemg" somethmg that IS not really there, and Type IT error IS concludmg
somethmg IS not there, when It really IS Dealmg WIth these types of error m
decISIon-makmg requIres weIghmg the eVIdence that suspected change IS caused
by a (theoretIcally) defmable pattern or trend or IS "normal" process error,
bservatIon error, or some combmatIon Equally Important, and often overlooked, IS
how real mdIcators of change may be hIdden by process or observatIon error or by
mcorrect assumptIons about how thmgs work

Dealmg With uncertamty and vanability m models reqUITes at a mmImum
carrymg out sensItIVity analysIS on sImple determmIStIc models, WIth partIcular
emphasIS on model structure (HIlborn and Mangel 1997) But It IS often more
effiCIent and more useful to mcorporate stochastIcity mto sImple models
StochastIc models need not necessarily be more data mtensive than determmIStIc
models Overlookmg the assumptIons requIred m choosmg a mean (or medIan) or
geometrIc mean, as a representatIve value for a determmIStIc parameter IS one of
the most WIdespread, but overlooked, sources of modelmg error (Vose 2000) At
least stochastIc modelmg reqUITes that probabilIty dIStrIbutIons be exphCItly
defmed

SImphstIc determmIStIc models can be every bIt as mISleadmg and Improper as
stochastIc models (Schnute and RIchards 2001), but because they are more familiar,
and theIr smgle-number mputs and outputs are eaSIer to thmk about than
uncertamtIes and ranges, they may lead to false confIdence on the part of decISIon
makers RISk assessment m most fIelds reqUITes analyzmg probability dIStrIbutIons
and uncertamtIes, not mean trajectorIes (Burgman et al 1993, GlIckman and Gough
1990, Vose 2000)

One fundamental ISsue of mterest to deCISIon makers IS often how best to
prIorItIze research efforts A key part of such an ISsue IS rankmg the relatIve
Impacts of uncertamtIes on a deCISIon In thIS case, It IS pOSSIble that thoughtful
sensItIVity analysIS carned out on a SImple, determmIStIc model (or multIple
models) may be adequate for the Job, partIcularly as a fIrst step m "weedmg out"
varIables that are hkely to be extraneous But developmg a stochastIc verSIOn of
relatIvely SImple models may be more effiCIent (Vose 2000) If care IS taken to
dIStInguISh between envIronmental or process vanatIon and observatIonal or
functIonal uncertamty, then statIStIcal tools such as analysIS of vanance or
regreSSIOn can be used to mvestIgate the relatIve Impacts of uncertamtIes (Fahng
1991, Law and Kelton 1991, Meyer et al 1986, Mode and Jacobson 1987a, Mode
1987b, Oosterhout 1998, Oosterhout 1996, Ruckelshaus et al 1997, Vose 2000) ThIS
approach can be very helpful m developmg analytIcal structures as well as
modelmg plans It also lends Itself well to decISIon analysIS and rISk assessment
because It IS sImIlar to the "value of Imperfect mformatIon" analyses Widely used m
rISk assessment and deCISIon analysIS (HIlborn 1997, Keeney 1992, Punt and
HIlborn 1997, von Wmterfeldt and Edwards 1986)
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12 4 3 Correlative Versus Mechanistic Models

The use of statIstIcs-based tools such as regressIons to make deterrnnustIc or
probabIlIstIc predIctIons will generally be eaSIer than developmg deterrnnustIc or
stochastIc bIOlogtcal models, because of a dearth of predIctIve "laws" of bIOlogy, let
alone ecology StatIstIcs-based models are correlatIve, however, whereas cause
and-effect explanatIons are needed If change IS to be understood and predIcted
rebably Because some thmgs are easIer and more rebable to measure than others,
sImple models that can help develop correlatIve relatIonslups between hard-to
measure parameters and easy-to-measure parameters may be of partIcular mterest

12 4 4 Modeling and MOnitoring Interaction

Models should be developed to use and syntheSIZe readily available data
whenever possIble ThIS approach will also help IdentIfy data needs SIrnI1arly,
whenever possIble, momtormg plans should be developed to fIt the models that
WIll be used to analyze and mterpret them Data management, assIrnI1atIon, and
synthesIS should be key consIderatIons for both momtormg and modelmg

One useful way to mcorporate data mto Improvmg an eXIstIng statIstIcal or
SImulatIon model IS WIth the BayesIan reVISIon methods (punt and Hilborn 1997,
Hilborn 1997, Marmorek et al 1996) BayesIan methods lllight be useful to consIder
WIth respect to the questIon about how much emphasIS should be put on annual
forecasts, because BayesIan methods lend themselves well to mcorporatIng
mcornmg data mto preVIOUS forecasts ThIS entIre approach also lends Itself well to
deCISIOn-analysIS techmques

The GEM program shares the share the VIew of models as tools for assIrnI1atIng
data and optIlllizmg data collectIon as expressed for the GODS program
(Intergovernmental Oceanograpluc COmmISSIon 2000, p 36)

A vabdated assIrnI1atIon model can be most useful m optIlllizmg
the deSIgn of the observmg subsystem upon whIch It depends ThIS
underscores the mutual dependence of observrng and modelmg the
ocean, 1 e , observatIons should not be conducted mdependently of
modelmg and VIce versa For example the so-called"adJomt
method" of assIrnI1atIon can be used to gauge the sensItIVIty of
model controls (e g, open boundary and lllitIal condItIons, lllixmg
parameters) to the addItIon or deletIon of observatIons at arbItrary
locatIons wlthm the model domam In thIS regard, ObservatIon
System SImulatIon ExperIments (OSSEs) are becornmg mcreasmgly
popular m oceanography as way of assessmg varIOUS samplmg
strategIes The model IS frrst run WIth reabstIc forcmg and model
parameters The output IS then subsampled at tImes and locatIons
at whIch the observatIons were sampled These SImulated
observatIons are then assmulated mto the model and the mferred
fIeld compared agaInst the ongmal fIeld from wluch the
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"observatIons" were taken Tlus allows the efficacy of the
assmulatIon scheme and samplmg strategy to be evaluated (at least
to the extent that the model IS beheved to be a reasonable
representatIon of reahty)

Model proposals should, of course, be evaluated
WIthIn a deCISIon struchIred framework such as
that outhned above and detailed m Table 25
Proposals must also demonstrate a hIgh

probability of actually producmg what they propose to produce-meehng the
objectIves of the GEM modelmg strategy A set of gmdelmes for evaluahng model
proposals will be developed for the GEM program m conjunctIon WIth
development of the modelmg objectIves As a starhng pomt, successful proposals
will proVIde the followmg

l-/)

10

• Defme who will use the model and for what If the proposal IS to conhnue
or expand an eXlShng model, It should descnbe who IS currently usmg It
and for what If relevant, the proposal should also IdentIfy who could be
usmg It, for what, and why they are not able to use It now

• Defme the questIons the model IS supposed to answer, and dIrectly hnk
those questIons to the key questIons and hypotheses of the GEM program

• Argue convmcmgly that the model struchIre IS adequate for the purpose,
and that there IS not a better (cheaper, faster, more comprehensIble, more
drrect) way to answer these questIons

• Show some kmd of schematIc (flowchart) that IS clear, complete, and
conCISe

• Explarn how uncertamty and varIability will be represented and analyzed

• DeSCrIbe the system characteflStIcs that will be left out or SImplIfIed and
how the analysIS will evaluate the Impacts

• Defme data needs and show how the modelmg effort will be coordmated
WIth data assmulatIon and data management efforts

• Defme vahdatIon approach

• Defme how the modelmg efforts will be commumcated to other SCIentIsts,
managers, and the pubhc, and how mput from model stakeholders will be
mcorporated mto the effort, If appropnate

FeasIbility and pragmatIsm m a new program hke
12.6 ConclUSion the GEM program dictate that walkmg will have

to come before runnmg and that focused, SImpler
models will have to come before large-scale, multI-dIScIplmary models Walkmg
frrst means developmg verbal and statIstIcal models where numencal models
cannot be developed because of a lack of data and understandmg Learnmg to run
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reqUITes developmg coupled numerIcal bIOphYSICal models that accurately portray
the ecosystem Runnmg means usmg the bIOphYSICal models m a preillctIve sense
The models must adapt to changes m the conceptual foundatIon (Chapter 6),
because the conceptual foundatIon IS desIgned to change as new mformatIon IS
mcorporated Nonetheless, no matter how many lIDprovements are made, It IS
probably not reasonable to expect consensus on how that conceptual foundatIon
should be used to develop a strategic modelmg pohcy

In a constramed world, "consensus" m practIce usually means acceptIng a
strategy that enough decISIOn makers fmd no more offensIve than they can accept,
optlnuzatIon, on the other hand, means flgurmg out the tradeoffs necessary to
achIeve as many of the desrred objectIves as reasonably possIble AdoptIng a
decISIon-structured approach for the modelmg strategy WIll help ensure that It IS
drIven by the fundamental objectIves of the GEM program, that the modelmg
questIons are defmed by the conceptual foundatIon, and the tradeoffs can be
defmed, weIghed, and Justlfled

12 7 1 Modeling Strategies of
Established Programs

12 7 Survey of
Modeling

ThIS subsectIon prOVIdes statements
summanzmg modelmg strategIes The

mformatIon IS extracted from Web SItes as noted

GOOS (Global Ocean Observmg System) "Lmkmg user needs to
measurements reqUITes a managed, mteractlve flow of data and mformatIon among
three essentIal subsystems of the 100S [Integrated Coastal Ocean Observmg
System] (1) the observmg subsystem (measurement of core varIables and the
transIDlSsIOn of data), (2) the commUnIcatIons network and data management
subsystem (organIZmg, catalogmg, and dISsemmatIng data), and (3) the modelmg
and apphcatIons subsystem (translatIng data mto products m response to user
needs) Thus, the observmg system COnsISts of the mfrastructure and expertlse
reqUITed for each of these subsystems as well as that needed to msure the
contInued and routIne flow of data and mformatIon among them"

From "Toward a NatIonal, Cost-EffectIve Approach to Preillctlng the Future of
our Coastal Envrronment " A POSItIon Paper of the U S GOOS Steenng
COmmlttee, September 2000, PROLOGUE (http / /www-
ocean tamu edu/GOOS/pubhcatIons/positIon html)

PICES (North PacIfIC Manne SCIence Orgarnzanon) jNEMURO (North
PacIfIC Ecosystem Model for Understandmg Regional Oceanography) "Models
serve to extrapolate retrospectIve and new observatIons through space and tlIDe,
aSSISt WIth the desIgn of observatIonal programs, and test our understandmg of the
mtegratIon and functIonmg of ecosystem components Clear differences were
Identlfled m the level of advancement of the varIOUS dlScIplmary models
Atmosphere-ocean and phYSICal crrculatIon models are the most advanced, to the
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extent that eXlSbng models are generally useful now for CCCC [chmate change and
carrymg capacIty] obJectIves, at least on the Basm scale Crrculahon models m
terntonal and regIonal seas are presently more vaned m therr level of
development, and may need some co-ordmahon from PICES Lower trophIc level
models are advancmg, and examples of therr apphcahon coupled WIth large-scale
crrculahon models are begInnIDg to appear There IS a need for comparISons of
specIfIc physIOlogIcal models, and for graftmg of detailed mIxed layer models mto
the general crrculahon models WIth upper trophIc level models, there are several
well-developed models for specIfIc apphcahons, but workshop parhclpants felt
there were as yet no leadmg models aVaIlable for general use wlthm the CCCC
program ThIS IS an area that needs parhcular attenhon and encouragement from
PICES "

From http I I pICes lOS bc calcccciccccitaskteamlmodelws96 htm (perry et al
1997)

GLOBEC (GLOBal Ocean ECosystems DynamIcs) "The phYSICal models
can be coupled WIth a SUIte of bIOlogIcal, bIOphYSICal and ecosystems models
Development of bIOlOgIcal models should occur concurrently WIth development of
the phYSIcal model Four types of bIOlOgIcal or bIOphYSICal models are
recommended Lmkmg outputs from each of these models will allow the
exammahon of ecosystem level queshons regardmg top down or bottom up
controls m determInIDg pelagIc produchon m the Bermg Sea "

From http I I globec oce orst edulgroups/nep/reports/rep161
rep16 bs model html)

12 7 2 Core Variables for Modeling

Table 26 shows spahal domaIns, currenCles, mputs, and outputs for models
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\ Table 26 Model Spatial Domains, Currencies, Inputs, and Outputs

Model Name/

Model Region Model Spatial Domain Inputs Outputs/Currency

Single-species stock Across EBS and GOA Flshenes data and predator Pollock population and
assessment models Pollock dlstnbutlons biomass mortality trends-
that Include number at age (and
predation biomass at age)

Benng Sea MSVPA The modeled region IS the Flshenes predator biomass Age-structured
EBS shelf and slope north to and food habits data This population dynamics for
about 61°N model requires estimates of key specles-numbers

other food abundance supplied at age
by species outside the model

BORMICON for the The model IS spatially Temperature IS Included and Spatial size distribution
Eastern Bering Sea expliCit With 7 defined Influences growth and of pollock

geographic regions that consumption
have pollock abundance and
size dlstnbutlon information

Evaluating U S ExclUSive Economic Gear-specific fishing effort Biomass of managed
Alternative Fishing Zone Including bycatch fish species
Strategies

Advection on larval Southeast Bering Sea Shelf OSCURS surface currents Index of pollock
pollock recruitment (Wind dnven) recruitment

Shellkof Pollock IBM Western GOA from Just From physical model IndiVidual larval
southwest of Kodiak Island Water velOCities Wind field charactenstlcs such as
to the Shumagin Islands mixed-layer depth water age size weight
shelf water column to 100 m temperature and salinity location life stage

Pseudocalanus field (from
hatch date
consumption

NPZ model) respiration

GLOBEC NPZ 1-0 Water column (0 100 m) Irradlance MLD Dlffuslvlty ammonium
and 3 0 Models Coastal GOA from Dixon Temperature dlffuslvlty nitrate detntus small

Entrance to Unlmak Pass bottom depths water velOCities and large
100 m of water column over (u v w phytoplankton
depths < 2000 m dinoflagellates

5-m depth binS x 20 km tintinnids small coastal

honzontal gnd copepods neocalanus
and euphausllds

(nitrate and
ammonium) mmol/mll3

(all else) mg
carbon/mll3

Steller Sea Lion IBM Should be applicable to any The main Input Will be a 3D IndiVidual sea lion
domain surrounding a field of prey (fish) dlstnbutlon charactenstlcs such as
speCific sea lion rookery or denved either from age location life stage
haul out In the Benng Sea, hypothetical scenarios or and birth date are
Aleutian Islands or GOA (later) modeled based on recorded CalOriC

acoustic data balance IS the main
vanable followed for
each indiVidual
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Table 26 Model Spatial Domains, Currencies, Inputs, and Outputs

Model Namel

Model Region Model Spatial Domam Inputs Outputs/Currency

Shellkof NPZ Model Water column (0 100 m) Irradlance MlD, temperature Nitrogen,
1-D and 3-D GOA from southwest of bottom depths water velocities phytoplankton
Versions Kodiak Island to Shumagin (u v w) Neocalanus densIties,

Islands 1-m depth bins for Pseudocalanus
1-D version 1 m depth x 20 numbers/m 3 for each
km for 3-D version of the 13 stages (egg 6

naupllar 6 copepodlte)s

GOA Pollock Shellkof Strait Gulf of Number of eggs to seed the Number of 9Q-day-old
Stochastic SWItch Alaska model Base mortality pollock larvae through
Model additive and multiplicative time

mort Adjustment parameters
for each mort Factor

NEMURO Ocean Station P (500 N 15 state vanables and Ecosystem fluxes are
1450W) Benng Sea (57 5°N parameters including tracked In Units of
1750W) and Station A7 off 2 phytoplankton nitrogen and sIlicon
the east of Hokkaldo Island 3 zooplankton and multiple
Japan (41 3°N 145 3OW) nutnent groups

Eastern Benng Sea 500 000 kml\2 In EBS south Biomass, production Balance between
Shelf Model 1 of61°N consumption and diet produced and
Ecopath composItion for all major consumed per area

species In each ecosystem biomass (tIkmI\2)
Future work WIll explore
energy (kcallkmI\2) and

LJ
nUlnent dynamiCS

Eastern Benng Sea 500 000 kml\2 In eastern
Shelf Model 2 Benng Sea south of 61 ON
Ecopath

Western Benng Sea 300 000 kml\2 on western
Shelf Ecopath Benng Sea shelf

Gulf of Alaska Shelf NPFMC management areas
Ecopath 610 620 630 and part of

640

Aleutian Islands, Not deterrmned
Pnbllof Islands
Ecopath

Pnnce William Whole Pnnce William Sound
Sound Ecopath
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Table 26 Model Spatial Domains, Currencies, Inputs, and Outputs

Model Name/
Model Region Model Spatial Domam Inputs Outputs/Currency

Source Table 2 In 'North Pacific Models of the Alaska Flshenes SCience Center and selected others' compiled
by Kenm Aydin

Notes
BORMICON = Boreal Migration and Consumption Model
EBS = Eastern Benng Sea
GLOBEC = Global Ocean Ecosystem Dynamics
GOA = Gulf of Alaska
km = kilometer
kcal = kilo calone
m = meter
MLD=
mmol = millimolar
MSVPA = Multlspecles Virtual PopUlation AnalysIs
NEMURO = North PaCific Ecosystem Model for Understanding Regional Oceanography
NPFMC = North PaCific Flshenes Management Council
NPZ = nutnent-phytoplankton zooplankton
OSCURS = Ocean Surface Current Simulations
t = metnc ton?
YD = days of year
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"The marine ecosystem in the northern Gulf of Alaska (GOA) depends on the

energy flow, biogeochemical cycling and food web structure. Natural changes
and human activities bring about changes in the populations of birds, fish,
shellfish and mammals by altering these connections" (p. 2).

Human
uses &

impacts

Natural
forcing
factors

'-.

Figure 1. Influence diagram illustrating GEM draft Conceptual
Foundation.
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Atmospheric
and ocean
conditions

nitrate, silicate,
phosphorous, iron,

other nutrients

Figure 2. Linkages among system attributes the Conceptual Foundation
identified as "essential" to monitor.

Conceptual model

/ ~
"- Statistical Hypothesized

~ relationships
,--. cause and effect
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Field, laboratory
OATA over time ...

and space

Feedback control (adaptive)
system

Figure 3. Feedback control system linking the Conceptual Foundation,
monitoring, and modeling efforts

NOTE: These figures have not been edited. The illustrations willi need to be
provided for use in revising text style for conisistency.
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Chapter 13 Data Management and Information Transfer 7/6/01 Page 1

NotIce. This IS a prellmmary draft that has not been through the
editorial review process. It IS subject to substantIal change and reVISion,
and It IS posted for the sake of fostermg discussion on data management
and mformatIon transfer Issues.

Editorial note References GOOS document, a NASA document, and several web sites
The web Sites are mcluded mime but may need to be moved to a biblIography

Chapter 13 Data Management and InformatIOn Transfer

The Role of Data Management

The data management component of GEM will receive the data and meta-data from the
field, provide quality control of the meta-data, store and manage the data, and provide
mechanisms for retrlevmg those data It will mclude the systems necessary to automate as much
of that procedure as possible and the programs needed to create the custom data products that will
be provided to the modeling and applications components As such the data management system
for GEM fits well mto the defimtlon established by C-GOOS (GOOS 2000)

Feedback

Models/Apps

The GOOS model IS a general descriptIOn of an end-to-end system that IS based on the
tripod of observatIOn, data management, and models and applications With the data management
component actmg as the mtermedlary between the observational component and the applicatIOns
Data flows from observation through the management system to the modelmg and application
component In turn, the applicatIOns component mforms and refines the both the design ofthe
observatIOnal component and the design of the data management system The momtormg plan
may be altered to mclude new data and/or regIOns that are Identified durmg the modeling phase as
key to understandmg the natural system The mterfaces and data products distributed by the data
management system will also be refined With feedback from the applIcations

SCientific data management systems have grown rapidly smce the advent of the World
Wide Web Imtlally, projects or groups that collected or archived data made those available over
the web through a Simple mterfaces based on the navigatIOn oflmks These supply-Oriented
systems reflect the structure of the data that was made available by provldmg lmks to lIsts of
datasets by years, dataset name, or vanable name Many of these are stili 10 Wide use although
newer systems mclude more sophisticated search optIOns such as spatial and temporal selection
However, these systems make few assumptIOns about the mtended user commumty and It
becomes the users responsibilIty to locate, evaluate, mtegrate, and preprocess the data mto a form
that IS SUitable for the target applIcatIOn
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As the applIcatlOns that use sCIentIfic data become more sophIsticated, and the
commumty IS able to access and mtegrate large amounts of data to address a smgle problem, new
data systems wIll be bUilt that are address the data needs of specIfic user applIcatIOns The output
of these systems wIll be hIgher order products such as maps, graphs, visuahzatlOns, and data m
mteroperable formats NASA has funded some projects wIth a demand-onented focus (ESIP
NRA) and m the future more user commuruties w1l1 find ways to bulld these types of targeted
systems

The landscape of data product dehvery w1l1 hkely mclude large archIves that supply data
m a raw or partially pre-processed form ApphcatlOn onented sItes WIll accesses data from these
archIve sItes through a hIgh bandwIdth connectlOn and may use mtermedlate sItes, WhIch provIde
value added servIces that are not avallable from the ongmatmg archIve (see diagram) Common
data servIces avallable at the archIve or through mtermedlate sItes w1l1 mclude subsettmg,
reformattmg, reproJectIOn, regrIddmg or aggregatIOn

User focused systems
that address a specIfic
problem

Data archIvmg
centers

InlIne processmg nodes
wIth common functIOns

\'-.- I

Although predIctmg the evolutIOn and the Impact of the web on sCIentIfic data delIvery IS
speculatIve at best, the landscape of future data systems needs to be evaluated m order to
understand the role of the data management component dunng the extended hfe span of GEM
Imtially, GEM wIll act as both a data archIve and a user focused dehvery system, acceptmg and
archIvmg data from the observational component and creatmg products that are customIzed to
meet the needs ofthe habItat specIfic apphcatlOns Durmg thIS phase, GEM w1l1 establIsh the
procedures for assunng the quahty of the data that IS submItted to the archIve as well as the
operatlOnal detalls of mgestmg data and makmg It avaIlable As the archIve grows, older datasets
wIll be moved to the NatIOnal Ocean Data Center (NODC) for permanent storage GEM w1l1
contmue to mamtam a meta-database that provIdes a data search mterface to locate and access
GEM data that IS mamtamed by the ongmatmg project, the GEM archIve, or the data archIve at
NODC

Over the long term, however, GEM w1l1 hkely tum over the entIre archlVlng task to a
center such as NODC that IS better eqUipped to mamtam the data for extended penods of time
ThIS IS only possIble after the data flow between the observatIOnal component and the
apphcatIOns component has been estabhshed and the tools and structures are m place to bulld the
custom data products from a dIstnbuted set of data archIves GEM w1l1 retam the meta-database
and contmue to provIde custom data products and servIces to set oftargeted users
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CharacterIZIng the data wlthm GEM

WIthm the data management component, data IS classified by the operations that must be
applied to It durmg the archive and retneval cycle This clasSificatIOn often cuts across the
content-based classificatIOns used dunng data analySIS While biologIC data IS more often
collected by observatIOn or laboratory work and phySical data IS frequently measured by
mstrument there are significant exceptIOns A satellite Image of ocean color that contams
bIOlogiC variables Will have more m common, m a data management context, With the phYSical
variables m a Synthetic Aperture Radar Image than to the phytoplankton results collected from
the settled volume of a bottle sample The settle volume could mclude both phySical and biologiC
results but be retamed by the data management system as a smgle data holdmg The meta-data
and processmg that IS assOCiated With the chemical and bIOlogiC data from the bottle sample will
be nearly Identical, as Will the processmg and meta-data assOCiated With both types of satellite
Imagery

GEM will be collectmg and processmg a Wide range of data from different collectIOn and
recordmg techmques that place different challenges to quality control and assurance In order to
clasSify these differences for the data management component, data can be separated mto broad
categones that reflect the handlmg and storage reqUIrements These data categones mclude

• ObservatIOnal data collected or recorded by an mdlvldual
• Measured data collected by an mstrument and stored m formatted files
• Modeled data generated by a runmng computer model
• GeographiC or reference data used by a GeographiC InformatIOn System
• Remotely Sensed Image data taken from a satellite or aenal platform

The crltena used to charactenze these data types are

• Interoperability how easily the data can be used m alternate applicatIOns
• Consistency the degree of Similarity between the data for different pomts
• SIZe of file the size of the data for a smgle mstance
• Number of files the number of mstances that make up the dataset
• Repeatability whether or not the same data can be re-sampled
• Lag time the length of time needed between collectIOn and submiSSion
• Alternate sources whether the data IS mamtamed at multiple sites
• Meta-data The content and/or format of the meta-data

ObservatIOnal
ObservatIOnal data are collected by human observatIOn, lab results, and manual data

entry These data mclude species counts and locatIOns, and can mclude a large number of ad hoc
observatIOns of conditIOns or unrelated slghtmgs These data are manually entered and capture a
person's observatIOns or calculatIOns, which makes them less conSistent, often complex, generally
low volume, and occasIOnally error prone The observatIOns are not repeatable and the formats
are not customarily mteroperable The lag time between collectIOn and submiSSion can be long If
extensive lab or manual work IS mvolved The meta-data deSCribe the collectIOn and or
processmg locatIOn and sometimes the conditIOns These data are often m a database
managements system (DBMS) or a spreadsheet, which forces a level of consistency that allows
automated processmg upon retrieval Examples of observatIOnal datasets from the GEM habitat
themes (see chapter 10) mclude
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Wetlands
• Lab results for stream chemistry
• Plant and animal observatIOns from field study
• Isotopes ofN and levels ofP, SI, Fe from lab

InterTidal/SubTidal
• Species counts for substrate clasSificatIOn
• Lab results for chemlcal/blOloglcal oceanography

....

Alaska Coastal Current
• Lab results for chemlcallblOloglcal oceanography
• Species counts for zooplankton
• Diet compositIOn for nekton
• Nekton measurements from net tows
• Bud surveys

OCS/Alaska Gyre
• Lab results for chemlcallblOloglcal oceanography
• Species counts for zooplankton
• Bird and Mammal surveys

Measured
These data are mostly measurements of phySical variables such as air temperature or

salmlty but they may also mclude bIOlogiC vanables as m the case of the acoustic measurements
of the bIOmass ofnekton or zooplankton These data are usually stored m files With formats that
are set by the collection mstrument The data files are consistent across the dataset but have a low
level of mteroperablhty With other systems The fact that data collectIOn IS automated means that
size of the files and the number of the files can be large Little speCial processmg IS mvolved,
usually, so the lag time between collectIOn and submiSSion does not need to be long The meta
data mcludes mstrument detal1s and conditions and the data formats are standard enough to allow
customized processmg dunng retneval Example from the GEM themes mclude

InterTidal/SubTidal
• PhYSical oceanographiC vanables

Alaska Coastal Current
• Lldar measurements
• Hydro-acoustic plankton or nekton surveys
• Fluorescence measurements

OCS/Alaska Gyre
• PhySical oceanography
• Hydro-acoustic plankton or nekton surveys
• Fluorescence measurements

Modeled data
Numenc, and to some degree statistical models, can generate a slgmficant amount of

data As an example the Circulation model can proVide a snapshot of ocean current vectors across
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the GEM regIOn, at many depths, for time steps as small as 10 mmutes Other models produce
smaller result sets but often these results are used by other models as mput and must be cataloged
and dehvered by the data management component However, unhke most other datasets these
data can be recreated and often are as the model matures These data are consistent across the
data set, can represent a high volume of data, and are not generally mteroperable The lag time
between data generatIOn and data submiSSIOn (and even use) can be very short The meta-data
needs to descnbe the classificatIOn and version of the model and may need to mclude relevant
mput parameters The meta-data may be used to track the hneage of the output data mcludmg the
references to the mput data and, If relevant, the models that created those mput data The
modeled output data for GEM IS not yet defined

Geographic
These data are the reference data used by GeographiC InformatIOn Systems (GIS) and

mclude base layers such as elevation (bathymetry) and shorelmes but can also mclude soli types
or habitat charactenzatlon These data formats are rarely used to store data collected by a project
but are frequently employed to display the mformatlOn 10 the spatial context of a map These data
are usually mteroperable across different systems and may be stored at several different locations
The meta-data IS focused on the spatial defimtlOn and may mclude mformatlOn about the
resolutIOn or precIsion of the data GEM Will not generally be mgestmg these data from projects
but It may store reference mformatlOn 10 thiS format, which IS also a pnme candidate as a format
for custom data products created by the data management component

Remotely Sensed
Remotely sensed Imagery can come from sateIhte or aenal platforms These are

generally large files and may be used on a regular based by the analysIs bemg conducted by GEM
but Images from NASA or NOAA may not need to be archived If they can be retneved agam
from the source Anal photography has also been used by EVOS projects to capture the spatial
dlstnbutlon of nekton 10 Pnnce Wliham Sound These Images along With satelhte Images may 10

some cases be archived by GEM and proVided to the apphcatlOn component These data Will
reqUIre a large amount of storage and are qUIte mteroperable With GIS and Image analySIS tools
The meta-data descnbe the mstrument and platform and often mclude detalis of the Image quality
and the spatial reference system Examples 10 the GEM themes could mclude

Wetlands
• LandSat Images of watersheds
• MODIS Imagery
• Aenal photography

InterTidal/SubTidal
• Ocean color Imagery from SeaWIFS
• Aenal photography

Alaska Coastal Current
• Ocean color Imagery from SeaWIFS
• MODIS ocean products

OCS/Alaska Gyre
• Ocean color Imagery from SeaWIFS
• MODIS ocean products
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Impact on GEM
Although the data standards set by GEM will be similar across the datasets m a given

type, each dataset will have Its own set of standards and QC and mgest processmg As the GEM
data management component becomes active, new datasets will be added to the archive For each
new dataset, GEM will set data standards and create the software to perform the QC agamst those
standards The data management plan will outline what needs to be m place before a new dataset
can be added to the GEM archive and the GEM data manager will oversee the process of addmg a
new data

As each collectIOn effort IS funded and organized, a plan that outlines the data mventory
and Its submission schedule will be established In additIOn, the plan will mclude the procedures
for performmg the QC process and how discrepancies will be resolved

CharacterlZlDg the GEM user commuDity

Over Its lifetime, GEM will serve a large and diverse user community with needs that
will vary from Simple data download to the creation oftailored data products In most cases
meetmg the reqUirements of particular user groups Will reqUire detailed analySIS and the creatIOn
of tailored products but generalizatIOns can be made about the types of applicatIOns that GEM
Will provide data for

The user groups mterested m each applicatIOn Will have different levels of data analySIS
and data reductIOn capabilities and each Will need to search for GEM data with different cntena
Some applications reqUire regular or penodlc access to GEM data and others are Irregular or
sporadic The largest dlscnmmator between the applicatIOns, however, IS the type of data
products that GEM Will create them and the level of processmg that Will go mto creatmg those
products These applicatIOns of GEM are relevant for all four of the mam GEM themes
watersheds, mtertldal, Alaska coastal current, and the Alaska gyre

BasIc research and analysIs IS perhaps the most fundamental applicatIOn of GEM
data This Will be done by researchers who are collectmg data for GEM and by other
researchers that are mvestIgatmg the GEM region In general thiS community Will
have a good understandmg of GEM data and Will be searchmg for specific variables
wlthm a region of mterest Access IS less likely to be Irregular but research
applicatIOns expect access to data as soon as It can be made available and so FTP or
file-download of the ongmal data Will generally be suffiCient

2 ModelIng IS also a cntlcal applicatIOn of GEM data Verbal and visual models Will
be drawn from research applicatIOns but statistical and numenc models Will reqUire
access to customized data products that are tailored to meet the needs of the model as
closely as possible Most of the search cntena may be saved by the system and may
be reused on a regular basiS m order to execute the model With the most recent set of
parameters The types ofpreprocessmg could mclude reformattmg, spatial or
temporal aggregation, regnddmg, and re-proJectlOn

3 Resource management applicatIOns Will mcrease m number over time and may
become a common use of GEM data These applicatIOns Will reqUire a separate set
of product than the modeling applicatIOns Management applicatIOns Will be both
penodic and sporadic and the product may mclude reports, graphs or maps
Examples mclude regular stock analySIS reports that are used by fishenes managers
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set catch limits, or irregular access to watershed data that would be relevant to permit
requests.

4. Public outreach encompasses several different applications that GEM will be
supporting to varying degrees over its life span. These include providing public
information about the state of the ecosystems that are being studied by GEM as well
as supplying visibility into the general administration of the GEM program. Other
outreach activities will include supporting educational programs and possibly
emergency response. These applications can be supported with maps and graphs that
describe various aspects of the central GEM themes. Access is likely to be quite
irregular and may be accomplish through the creation of a few standard maps and
graphs on a regular basis.

Supporting GEM applications with user interfaces

In order to support these applications, GEM will initially provide three different modes of
access. Although this will change over time the design will include basic search and download,
tailored product creation and display, and open map access. For the most part, basic search and
download will support research applications, tailored products will be used by both modeling and
management applications, and open map access will support public outreach applications.
Together these three modes of access characterize many of the scientific data delivery systems
available on the web.

Basic search and download is currently the most common method of accessing data on
the web. Many projects have an interface that makes some level of search available and then
allows data to be downloaded by clicking through to an ftp site or a web page containing data
links. Examples include CIIMMS (http://info.dec.state.ak.us/ciimmsl), which been used
successfully to provide basic access to meta-data and data relating to Cook Inlet and other
systems such as GLIMPSE (http://lternet.edu/data/), EMAP
(http://www.epa.gov/emap/index.html), and Beija-flor (http://beija-floLornl.gov/lba!) which
provide basic access for the NSF Long Term Ecological Research program, the EPA
Environmental Monitoring and Assessment Program, and the Large Scale Biosphere-Atmosphere
Experiment in Amazonia sponsored in part by NASA. In addition the GLOBEC program
provides basic data download through its own database (http://globec.whoi.edu/globec-dir/data
access.html).

Although these systems provide different types of search criteria and each has a different
orientation they all provide access to meta-data and, in most cases, the actual data collected by the
program. GEM can use one of these systems or something very similar to provide access to data
soon after it is submitted to GEM. Research applications are often focused on specific variables
and regions and these basic systems meet the majority of those needs. In addition, a basic search
and download tool will provide the minimum access to GEM data and may support the other
applications including modeling, resource management, and public outreach. Although budgetary
constraints may require that the creation of custom map and data products be cut back, the basic
search and download functions will be supported as long as data is collected and archived by
GEM.

The meta-database maintained in order to support the basic search and download
functions would also support access to remote database services that are funded by or relevant to
GEM. Remote databases like the EVOS hydrocarbon database and other databases maintained by
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the group that is conducting the data collection effort will be included in the GEM meta-database
for searching purposes. The data will then be available through the remote web site set up to
support those data.

Map creation systems such as the Open GIS Consortium's Web Mapping Server (WMS)
(http://www.opengis.org/techno/specs/O 1-047r2.pdf) and the ArcIMS system
(http://www.esri.com/software/arcims/index.html) from the Environmental Systems Research
Institute (ESRJ) make preprocessed maps available to users over the web. Both of these systems
provide maps to web browsers and to freely available viewers. Because the WMS protocol is not
tied to any particular vendor it has been enjoying rapid acceptance and deployment in a wide
range of applications and in the future, the use of WMS in educational and outreach applications
is likely to be very large.

Once GEM has identified a set of standard map products that would be useful to the
public or to particular educational programs, they will be available through one of these Internet
map protocols. These products will likely include base maps and general information maps but
might also include regular maps of the Alaska gyre or currents that affect the GEM habitats. Web
sites designed to support the educational program or the public interests will display these maps
and may, over time, support more complicated map viewers that can access and overlay maps
from other sites that are relevant to the goal of the web site.

Data products tailored to specific modeling and resource management applications will
be the most useful facet of the GEM data distribution and also the most expensive to create. It is
not possible to create a single data distribution system that meets the wide range of user needs in
modeling and resource management. Therefore, GEM will prioritize the products that are needed
by particular groups and create them in sequence. These products will be designed with the close
involvement of the specific user community to which they are targeted and initially they may
need to be created with a significant amount of manual effort. However, once automated, a
separate web-based interface can be created that will be used by the target user group to create
and download these products on a regular (or irregular) basis. Over time, after many of these
products have been designed and the distribution of them automated, certain common functions
will emerge and GEM will begin to build a library of data processing utilities.

Examples of modeling products include the reformatting and regridding of data to match
the execution grid and time steps of the model. Non-GEM data may be pulled from another site
and integrated into data product and several different products may be generated at a time to meet
the needs of a single modeling application. The creation of a suite of products may be done by
hand and it may require that GEM start with algorithms that were written by the modeling group
itself. However, after the modeling group has used the products successfully several times, the
process of creating the products could be automated and a simple interface built to allow the
group to create and download the product. If the requirements for the product were clear enough,
the manual step may be bypassed.

For resource management applications, a report or spreadsheet used to manage fish
stocks may require access to several different datasets and the extraction and integration of
different variables. Unless the report is already in existence it may require several attempts before
a truly useful product can be created. Once this is accomplished, the process could be automated
and the resource management office could trigger the report through a simple interface created for
that product. In this way the application component of GEM will feedback information and tailor
the design of the data management component.
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Over time, GEM will create a wide range of products to meet the specific needs of the
GEM modehng and resource management commumtles The creatIOn of each product will
mvolve GEM staff and the mteractlOn with the target user group Dependmg upon the scope of
the effort for each product, several tallored products could be created for the modehng and
resource management commumty each year These products coupled with the basiC search and
download and with the web-based map dehvery services Will support a Wide range of both
specific and general data dlstnbutlOn needs

The structure of the GEM data system

The GEM data management system Will address the Issues related to the data types
supphed by the observatIOnal component and the demand placed by the apphcatlOns component
As such the data management system IS positIOned m-between the other two components and
must develop and mamtam an mterface to both In addition, modehng and map creatIOn
apphcatlOns Will generate new data that Will also be archived and dehvered by the GEM data
system

General
Access

ObservatIon

Supply Side support

Product
CreatIon

ApplIcations

In order to support the mgestlOn of data from the observatIOnal component of GEM, the
data management system must provide quahty control (QC) ofthe meta-data (and to some degree
the data) and quahty assurance of the data and the meta-data Quahty control Will ensure that the
meta-data comply With GEM standards and that vahd values are supphed m format that can be
used to store that data m the GEM archive Values such as statIOn Identifier, date, and latitude and
longitude need to be vahd or fall wlthm a reasonable range In general, each data type Will have
umque Issues and GEM Will create new QC procedures and programs, although over time some
of the QC algonthms can be shared across data types GEM Will also need to proVide quahty
control on some of the data values such as species Identification, but the submitter Will do the
most of the quahty control for the data Itself The vahdatlOn prOVided by the data management
component IS done to ensure that data can be found and retneved usmg an accepted set of search
cntena

Quahty assurance mcludes the deSign of the quahty control processes and documentatIOn
of the qualIty control activity The data management component of GEM Will not be able to
prOVide the qualIty control over the most of the data but It can ensure that the documentatIOn of
the submitters' quahty control IS available along With the data The data management system Will
also prOVide qualIty assurance of the meta-data
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Demand suJe support

On the apphcatlOns sIde ofthe data management system, software modules wIll create the
custom data products and standard maps These routmes wIll not be developed all at once when
the system IS deployed but over tIme as the archIve IS populated wIth data and the user demands
become clear Custom routmes wIll mtegrate third party software where pOSSIble These external
routmes may be Commercial Off The Shelf (COTS) software or they come from the growmg
hbrary of free software avaIlable over the web These custom routmes wIll pull datasets from the
GEM archIve and from other relevant data sources and prOVIde preprocessmg Examples of the
types of operatIOns mclude

• ReformattIng Often, raw data may need to be reorganIzed m order to be usable
by an apphcatlOn As an example, an apphcatIon may need multIple observatIOns
pulled mto a smgle output file contammg only those varIables of mterest from a
subset of statIOns ThIS file may also need to be ordered by date or specIes and
wntten out m a comma-separated file that can be mampulated by a spreadsheet
Other output formats may mclude GIS, Image analySIS formats or specIal bmary
formats for visuahzation apphcatlOns

• AggregatIon or subsettmg Modelmg apphcatlOns often need summary or
averaged data and so datasets may need to be merged or clIpped to capture the
temporal or spatIal regIon of mterest completely Some file formats support
chppmg but many of these routmes wIll be taIlored to the mput data AggregatIOn
routmes may come from the apphcatlOn space or they may SImple average or
sum calculatIOns

• ProjectIon Data IS usually collected WIth latItude/longItude coordmates and
some regIOnal models use a map projectIOn that preserves spatIal relatIOnshIps
more accurately for the regIOn SatellIte data and other data may need to be
projected or reprojected mto a speCIfic map prOjectIon for the apphcatlOn
Software IS avaIlable to perform some of these reprojectlOn operatIOns from both
commercial and freeware sources

• Map creatIOn and VISualIzatIon Some data products may be best represented m
the spatial context of a map or a graph The generatIOn of these maps or the
creatIOn of a multidImenSIOnal or graph onented visuahzatlOn reqUire data
extractIOn reductIOn and rendenng There are a large number of software utIhties
avaIlable to asSISt m thIS process and they wIll be mtegrated mto smgle utIhty to
create the custom product

Most custom data product wIll require a user mterface to allow the entry ofparameters
and to tngger the creatIOn of the product In most cases these wIll be SImple web pages that
support vanous pull down menus to select mput or dIsplay parameters SImple mterfaces that are
deSIgned to support one or two data products are easIer to use and mamtam Although over time
GEM wIll support a large number of custom products, and mterfaces may need to be merged to
reduce the overall mamtenance load

Meta-database support
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The core of the data system wIll be the meta-database and a data storage component The
meta-database contams the deSCriptIve mformation and IS used to mtegrate the access to the data
by supportmg cross dataset searchmg The abIlIty to search for all datasets withm a gIven spatial
or temporal range or all datasets contammg partIcular varIables reqUIres a smgle meta-database
The QC routmes wIll ensure that the meta-data submItted to GEM meets the standards necessary
to support cross dataset search No dataset wIll be added to the system unless It can be located
usmg a search of thIS meta-database

The meta-database mamtamed by GEM wIll also support access to remote GEM archIves
that are mamtamed by mdividual researchers GEM wIll also evaluate whether to mgest meta
data about datasets that are relevant to the GEM system but are not dIrectly supported by GEM
The ongomg gap analysIs conducted by GEM wIll contmue to reveal datasets and data collectIOn
activIties that complIment the GEM mISSIon and one of the GEM goals IS to mtegrate WIth those
projects The data management system wIll reflect thIS mtegratIOn by allowmg users to locate
relevant data that may not be archIved by GEM

Most search and download systems mclude some level of meta-database support GEM
wIll evaluate the use of these eXIstmg systems and the evaluatIOn Criteria wIll mclude the
structure of the meta-database Although an eXIstmg meta-database structure may be found to
SUIte the needs of GEM, the populatIOn and use of the meta-database wIll be the central actIvIty of
the GEM data system and any eXIstmg system wIll need to be modIfied

Data storage

The storage of the data m files or m another storage mechanIsm IS a separate functIOn of
the data system that m time wIll reqUIre a sIgmficant amount of storage space The meta-database
wIll contam pomters to the data Itself, WhICh may phySIcally be m a separate storage facIlIty The
evolutIOn of large archIve technology has been rapId over the last few years but GEM wIll be able
to postpone the use of tape or optical media for several years until the space reqUIrements demand
It GEM wIll evaluate the use of an external SIte to store the data as well as the use of GEM
computmg hardware UnlIke the search of the meta-database that places a heavy computatIOnal
burden on resources whIle returnmg a small amount of data, accessmg the data Itself requIres no
SIgnIficant computatIon but can return a large amount of data Therefore the network
connectIvIty IS also an evaluatIOn Criterion for the data storage subsystem

The format of the data files wIll be defined by the GEM data management plan and
become a GEM standard Although the QC procedures wIll not valIdate the SCIentific qualIty of
the data, these programs wIll need to valIdate the format ofthe data Data product creatIOn
routmes reqUIre that mput data files are m a recognIzable format and contam data m a format that
can be processed automatIcally

GEM adnumstratlve support

Managmg the projects funded by and asSOCiated wIth GEM reqUIres a project-oriented
database (see Chapter 11 Program Management) The admmistratIve mformatIOn mcludes the
orIgmal proposal, comments submItted by the reVIew panel, status reports and notes, and the final
report ThIS mformatIOn wIll be valuable over the long term as the data collected by the project IS
evaluated m retrospect The proposals and reports wIll contam the orIgmal hypotheses as well as
the problems that were encountered dUring data collectIOn Future researchers wIll use thIS
project geneSIS to understand the orIgmal goals of the project and Issues that mIght affect data
qualIty
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Much of these admmlstratIve data are m the publIc record and will be made avaIlable
over the web The GEM meta-database will mclude the project specification so that the data
submitted by the project can be displayed along with the admmlstratlve detaIls ThiS lInk between
the admmlstratlon of the project and the data submitted would also allow GEM to evaluate
whether all the data for a given project has been submitted
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APPENDIX A. FISH AND INVERTEBRATE SPECIES FROM
1996 TRAWL SURVEY OF THE GULF OF ALASKA

The tables below provIdes the common and sCIentIfIc names of fIsh and mvertebrate speCIes
encountered dunng the 1996 Gulf of Alaska bottom trawl survey The maxlIDUID depth of
samplmg was 500 meters

Fish Species

I
\ j
"----

Family

Lammdae

Squalldae

RaJldae

Chlmaendae

Bothldae

PleuronectJdae

Species Name Common Name

Lamna ditropis salmon shark

Squalus acanthlas spiny dogfish

Sommosus paclficus PaCific sleeper shark

Raja bmoculata big skate

Bathyraja mterrupta Benng skate

Raja rhma longnose skate

Bathyraja trachura black skate

BathyraJa parrmfera Alaska skate

Bathyraja aleutica Aleutian skate

Hydrolagus colliel spotted rattish

Clfhanchthys sordldus PaCific sanddab

Atheresthes stomlas arrowtooth flounder

Atheresthes evermanm Kamchatka flounder

Hlppoglossus stenolepis PaCific halibut

Hlppoglossoldes elassodon flathead sale

Lyopsetta exilis slender sale

Eopsetta jordam petrale sale

Parophrys vetulus English sale

Microstomus paclficus Dover sale

Glyptocephalus zachlrus rex sale

Limanda asper yellowfin sale

Platlchthys stellatus starry flounder

Psettlchthys melanostlctus sand sale

Lepldopsetta cf sp bllmeata northern rock sale

Lepldopsetta b1Imeata southern rock sale

Isopsetta Iso/epis butter sale
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Fish Species

Family Species Name Common Name

Pleuronectldae (continued) Pleuronectes quadntuberculatus Alaska plaice

Agonldae Samtor frenatus sawback poacher

Xeneretmus le/ops smootheye poacher

Bathyagonus pentacanthus blgeye poacher

Bathyagonus mgnpmms blackfin poacher

Podothecus aClpensennus sturgeon poacher

AspldophorOides bartom Aleutian alhgatorfish

Hypsagonus quadncomls fourhorn poacher

Ammodytldae Ammodytes hexapterus Pacific sand lance

Anarhlchadldae Anarrlllchthys ocel/atus wolf-eel

Anoplopomatldae Anoplopoma fimbna sablefish

Argentlnldae Nansema candida bluethroat argentine

Bathylagldae Leuroglossus schmldtl northern smoothtongue

Bathymasterldae Bathymaster caeruleofasclatus Alaskan ronqUlI

Bathymaster slgnatus searcher
r

"-...-)
Chauhodontldae ChaullOdus macoum Pacific vlperfish

Clupeldae Clupea pal/asl PaCific herring

Macroundae Albatrossla pectoralis giant grenadier

Coryphaenoides cmereus popeye grenadier

Cottldae Thynscus anoplus

Icelmus borealis northern sculpin

Icelmus tenUis spotfin sculpin

Gymnocanthus plstllllger threaded sculpin

Gymnocanthus galeatus armorhead sculpin

Artedlel/us sp

Malacocottus zonurus darkfin sculpin

Hemllepldotus hemllepldotus red Insh lord

HemllepldotusJordam yellow Insh lord

Hemllepldotus papllio butterfly sculpin

Tnglops fomcata sClssortal1 sculpin

Tnglops sceptlcus spectacled sculpin

Tnglops pmgell nbbed sculpin

Tnglops macel/us roughsplne sculpin

LI
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Family SpecIes Name Common Name

Cottldae (continued) Myoxocephalus polyacanthocephalus great sculpin

Myoxocephalusjaok plain sculpin

Dasycotfus setlger splnyhead sculpin

Psychrolutes paradoxus tadpole sculpin

Nauhchthys pnbilovlUs eyeshade sculpin

Nautlchthys oculofasclatus sallfin sculpin

Rhamphocotfus nchardsom grunt sculpin

Hemltnpterus bolml blgmouth sculpin

Eurymen gynnus smoothcheek sculpin

Icelus splmger thorny sculpin

Tnchodontldae Tnchodon tnchodon Pacific sandfish

Gadidae Mlcrogadus proxlmus Pacific tomcod

Gadus macrocephalus PaCIfic cod

Theragra chalcogramma walleye pollock

Hexagrammldae OphlOdon elongatus lingcod

""--.--1
Pleurogrammus monopteryglUs Atka mackerel

Hexagrammos octogrammus masked greenling

Hexagrammos stellen whltespotted greenling

Hexagrammos decagrammus kelp greenling

Cycloptendae Aptocyclus ventncosus smooth lumpsucker

Eumlcrotremus blfulal round lumpsucker

Eumlcrotremus OrblS Pacific spiny lumpsucker

Careproctus melanurus blacktall snallfish

Careproctus gilbertl smalldlsk snallfish

Paralipans sp

Melamphaeldae Poromltra crasslceps crested blgscale

Melanostomlldae Tactostoma macropus longfin dragonfish

Merluccldae MerlucclUs productus PaCIfic hake

Myctophldae StenobrachlUs leucopsarus northern lampfish

Dlaphus theta California headllghtfish

Lampanyctus ntfen broadfin lanternfish

Lampanyctusjondanl brokenline lampfish

Paralepldae Paraiepis atlantica duckbill barracudlna

( I

--J
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>.J Fish Species

Family Species Name Common Name

Osmendae Thalelchthys pactficus eulachon

Hypomesus pretlosus surf smelt

Mallotus Vlllosus capelln

Spmnchus thalelchthys longfin smelt

Salmonldae Oncorhynchus tshawytscha chmook salmon

Oncorhynchus klsutch coho salmon

Oncorhynchus gorbuscha pink salmon

Oncorhynchus keta chum salmon

Oncorhynchus nerka sockeye salmon

Salvelmus malma DollyVarcien

Cryptacanthodldae Cryptacanthodes glganteus giant wrymouth

Sbchaeldae Lumpenus maculatus daubed shanny

Lumpenus sagitta snake pnckleback

Lumpenella longtrostns longsnout pnckleback

Chtrolophls decoratus decorated warbonnet
~

'0 Poroclmus rothrockJ whitebarred pnckleback

Zaprondae Zaprora sllenus prowfish

Zoarcldae Bothrocara pusillum Alaska eelpout

Lycodes paleans wattled eelpout

Lycodes dlapterus black eelpout

Lycodes brevlpes shortfin eelpout

Lycodes pactficus blackbelly eelpout

Lycodapus sp

Scorpaenldae Sebastolobus alascanus shortspme thomyhead

Sebastes aleutlanus rougheye rockfish

Sebastes alutus PaCific ocean perch

Sebastes breVlspmls sllvergray rockfish

Sebastes cillatus dark dusky rockfish

Sebastes_cf sp cillatus light dusky rockfish

Sebastes cramen darkblotched rockfish

Sebastes elongatus greenstnped rockfish

Sebastes entomelas Widow rockfish

Sebastes f1avldus yellowtail rockfish

0
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Family

Scorpaenldae (continued)

Scorpaenldae

Species Name

Sebastes he/vomacu/atus

Sebastes ma/Iger

Sebastes me/anops

Sebastes mgrocmctus

Sebastes pauclspmls

Sebastes pmmger

Sebastes po/yspmls

Sebastes pronger

Sebastes rubemmus

Sebastes babcockJ

Sebastes vanegatus

Sebastes wl/som

Sebastes zacentrus

Sebastes borea/Is

Sebastes reedl

Common Name

rosethorn rockfish

qUillback rockfish

black rockfish

ttger rockfish

bocacclo

canary rockfish

northern rockfish

redstnpe rockfish

yelloweye rockfish

redbanded rockfish

harleqUin rockfish

pygmy rockfish

sharpchln rockfish

shortraker rockfish

yellowmouth rockfish

Source Martin M H Data report 1996 Gulf of Alaska bottom trawl survey 1997 U S Department of
Commerce National Oceanic and Atmospheric Admlnlstratton

Invertebrate Species

Phylum SpecleslTaxon Name Common Name

Cnldana Cyanea caplllata

A/cyomum sp

Gersemla_sp sea raspberry

Anthomastus sp

Anthomastus sp A

Anthomastus sp B

Pnmnoa wIlleY/

Paragorgla arborea

Callogorgla sp

Sty/atula sp slender seawhlp

Pavonana finmarchlca

PtJ/osarcus gumeyl
,

\J
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Invertebrate Species

Phylum SpecleslTaxon Name Common Name

Gmdana (continued) MetndlUm sem/e

Llponemls brevlcomls

Sty/aster brochl

Cyc/ohe/la /ancel/ata

Emnoporasp

P/umarel/a sp

Thouarel/a sp

Fanel/la compressa

Munceldes sp

Amphl/aphls sp

Arlhrogorgla sp

Annelida Chel/onerels cyc/urus

Eunoe nodosa giant scale worm

Eunoe depressa depressed scale worm

Serpu/a vemllcu/ans

Carcmobdel/a cyc/ostomum stnped sea leech

Arthropoda Ba/anus evermanm giant barnacle

Ba/anus rostratus beaked barnacle
"-

Panda/usJordam ocean shnmp

Panda/us borea/Is northern shnmp

Panda/us tndens yellowleg pandalld

Panda/us p/atyceros spotshnmp

Panda/us gomurus humpy shnmp

Panda/us hypsmotus coonstnpe shnmp

Panda/opsls dlspar sldestnpe shnmp

Eua/us macl/enta

Lebbeus groen/andlcus

Crangon commums twosplne crangon

Crangon dal/I ndged crangon

Crangon septemspmosa sevensplne bay shnmp

Argls dentata Arctic argld

Sc/erocrangon boreas sculptured shnmp

Argls far kuro argld

\.
~
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Invertebrate Species

Phylum SpecleslTaxon Name Common Name

Arthropoda (continued) Paslphaea pacdtca Pacific glass shrimp

Paslphaea tarda cnmson paslphaeld

Cancer magIster Dungeness crab

Canceroregonens~ Oregon rock crab

Cancer gracIlIs graceful rock crab

Pmnlxa occldentalls pea crab

Oregonia gracIlIs graceful decorator crab

Chonlta longlpes longhorned decorator crab

Chlonoecetes tannen groved tanner crab

Chlonoecetes balrdl balrdl tanner crab

Chlonoecetes angulatus tnangle tanner crab

Hyas Iyratus Pacific lyre crab

Pagurus brandtl sponge hermit

Pagurus aleutlcus Aleutian hermit

Labldochlrus splendescens splendid hermit

Pagurus confragosus knobbyhand hermit

Pagurus dalll whlteknee hermit

Pagurus kennerlyl bluesplne hermit

Pagurus ochotensls Alaskan hermit

Pagurus rathbunl longfinger hermit

Pagurus tannen longhand hermit

Elassochlrus tenutmanus wldehand hermit crab

Pagurus caplllatus hairy hermit crab

Elassochlrus cavlmanus purple hermit

Elassochlrus gl1ll Pacific red hermit

Lopholtthodes forammatus box crab

Acanthollthodes hlspldus fuzzy crab

LJthodes aequtspma golden king crab

Hapalogaster grebnltzkll

Rhmollthodes wosnessenskll rhinoceros crab

Parallthodes camtschatlcus red king crab

Parallthodes platypus blue king crab

Placetron wosnessenskll scaled crab

\.....J'
I
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Invertebrate Species

Phylum SpeclesfTaxon Name Common Name

Arthropoda (contmued) Pugetfla sp kelp crab

"-_/
Mumda quadnspma

Mollusca Tochwna tetraquefra giant orange tochUi

Tnfoma dlomedea rosy tntonla

Chlamylla sp

Cranopsls major

Naftca clausa arcttc moonsnall

Natlca russa rusty moonsnall

Polmlces pallldus pale moonsnall

Colus herendeenll thln-nbbed whelk

Volutopslus harpa left-hand whelk

VolutopslUs tragllls fragile whelk

Bennglus kenmcotfll

Bennglus undatus

Neptunea amlanta

Neptunea pnblloffensls Pnbllof whelk

Neptunea Iyrafa lyre whelk

PI,clfusus kroyen

VolutopslUs callorhmus

",------' Afona ctrcmafa keeled afona

Fusltnfon oregonensls Oregon triton

Bathybemblx batrdll

Cldanna cldans

Buccmum plecfrum sInuous whelk

Bucclnum scalanforme ladder whelk

Arctomelon steamsll Alaska volute

ModIOlus modIolus northern horsemussel

Myftlus edults blue mussel

Chlamys rublda reddish scallop

Paftnopecten caunnus weathervane scallop

Yoldla sCIssurafa cnsscrossed yoldla

Yold,a fhraclaeformls broad yoldla

Nuculana sp
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"- Invertebrate SpecIes

Phylum SpecleslTaxon Name Common Name

Mollusca (continued) LJmopsls akutamca Akutan IImops

Muscu/us mger black mussel

Muscu/us dlscors discordant mussel

Astarle crenata crenulate astarte

Tndonta borealis boreal tndonta

Cyc/ocardla ventncosa stout cyclocardla

Cyc/ocardla crebncostata many-rib cyclocardla

C/mocardlUm nuttal/II Nuttall cockle

C/mocardlUm cl/latum hairy cockle

C/mocardlUm callfom/ense California cockle

Mactromens po/ynyma ArctiC surfclam

SI/Iqua sp

Sempes groen/andlGus Greenland cockle

Sempes /aperouslI broad cockle

Pododesmus macroschlsma Alaska falseJlngle

Oplsthoteuthls ca/lformana flapjack devilfish

Octopus doffeml giant octopus

Rossla pacIfica eastern Pacific bobtail

Berryteuthls magIster magistrate armhook squid

Echinodermata Evastenas trosche/II

Evastenas echmosoma

Orlhastenas koeh/en

Leptastenas hy/odes

Rathbunaster callfomlcus

Pycnopodla hellantholdes

Sty/astenas fOffen

Lethastenas nammensls

PedIcel/aster magIster

Poramopsls mflata

Henncla sangUlno/enta

Henncla /evlUscu/a

Leptastenas po/ans

Gephyreaster SWlftl

I
,,~.../
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Invertebrate Species

Phylum

Echinodermata (conbnued)

SpecleslTaxon Name

Hlppastena spmosa

Pseudarchaster pare/II

Medlaster aequa/Is

CeramasterJapomcus

Ceramaster patagomcus

LUldla to/lata

So/aster endeca

So/aster dawsom

So/aster stlmpsom

So/aster paxlllatus

Cnossasterboreahs

Cnossasterpapposus

Lophaster furcllhger

Pteraster tesse/atus

Pteraster ml/ltans

Pteraster obscurus

Dlp/opteraster mu/ttpes

Astenas amurensls

Ctenodlscus cnspatus

Leptychaster paclficus

Dlpsacasterboreahs

LUldlaster dawsom

stnongy/ocentrotus droebachIensIs

Strongylocentnotus franclscanus

Strongylocentrotus pallldus

Allocentrotus fragl/Is

Bnsaster /attfrons

Echmarachmus parma

Gorgonocephalus caryl

Asteronyx /ovem

Ophwra sarsl

Amphlophwra pondenosa

Ophlopho/Is acu/eata

Common Name

red bat star

orange bat star

rose sea star

purple-orange seastar

common mud star

green sea urchin

red sea urchin

white sea urchin

orange-pink sea urchin

Parma sand dollar
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Phylum

Echmodermata (contmued)

Ponfera

Bryozoa

Brachiopoda

Chordata

SpecleslTaxon Name

Parastlchopus callfomlcus

Molpadla mtermedla

Pentamera 1Jssoplaca

Bathyplotes sp

Cucumana fal/ax

StJchopusJapomcus

Psolus fabnclI

Subentes ficus

Aphrocal1Jstes vastus

Mycale lovem

Hallchondna pamcea

MYXII/a mcrustans

Hylonemasp

Eucratea loncata

Flustra serrulata

Terebratalia transversa

Terebratulma ungwcula

Laqueus callfomlanus

Styela rustJca

Boltema sp

Halocynthla aurantlum

Aplldlum sp

Synolcumsp

Mo/gula retortlformls

Molgula gnfithsll

Common Name

hermit sponge

clay pipe sponge

tree sponge

barrel sponge

scallop sponge

fiberoptlc sponge

feathery bryozoan

leafy bryozoan

sea potato

sea peach

sea clod

sea grape

Source MartIn M H Data report 1996 Gulf of Alaska bottom trawl survey 1997
U S Department of Commerce National Oceanic and Atmospheric AdministratIon
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APPENDIX B. NORTH PACIFIC MODELS OF
THE ALASKA FISHERIES SCIENCE CENTER AND
SELECTED OTHER ORGANIZATIONS

Descriptions of Model Hypotheses

DescnptIons compiled by Kenm Aydm (Kernn Aydm@noaa gov) A hst of
references IS provIded at the end

Smgle-Specles StockAssessmentModels That Include Predation
So far we have developed two of these models one for Eastern Benng Sea

pollock (LIvmgston and Methot 1998) and one for Gulf of Alaska pollock
(Hollowed et al 2000) We mIght develop one for AleutIan Islands Atka mackerel
m the future The purpose of these models IS to better understand the sources and
tIme trends of natural mortalIty for pollock by explICItly mcorporatIng predatIon
mortalIty mduced by theIr major predators mto an age-structured fISh stock
assessment model We have learned that not only IS natural mortalIty at younger
ages much hIgher than that for adults, but that It vanes across tIme, dependmg on
tIme trends m predator stocks ThIS fmdmg about mortalIty has gIven us better
Ideas of what mfluences predatIon has on fISh recruItment through tIme and helps
us to separate predatIon and cInnate-related effects on recruItment We can better
show the demands of other predators such as manne mamInals for a commercIally
fIShed stock and how It mIght mfluence the dynamICS of that stock (although we
stIll need to make progress m understandmg the effects on the manne mammals)

Benng sea Multlspecles Virtual Population AnalySIS (MSVPA)
We now have a multISpeCIes vrrtual populatIon analysIS (M5VPA) model for

the Benng Sea (LIvmgston and Jurado-MolIna, 2000) ThIS model mcludes
predatIon mteractIons among several commerCIally nnportant groundfISh stocks
and also predatIon by arrowtooth flounder and northern fur seal on these stocks
ThIS model can gIve us a better Idea of the predatIon mteractIons among several
stocks We can use outputs from thIS type of model to help us understand what the
pOSSIble multISpecIes nnplIcatIons are of our smgle-specles-onented fIShIng
strategIes Results from these forecastIng exercISes show that a partIcular fIShIng
strategy may have the OppOSIte effect of the mtended effect If multISpeCIes
mteractIons are taken mto consIderatIon We have also done multISpeCIes
forecastIng WIth tlus model by usmg dIfferent hypotheses about regIme shIfts and
assocIated fISh recruItment patterns

Boreal Migration and Consumption Model (BORMICON)
for the Eastern Bermg Sea

We have an ffiltIal verSIon of a spatIally explICIt model of pollock movement
and canmbalISm m the Eastern Bermg Sea We hope to better understand the
dIfferences m spatIal overlap of predators and prey and how that affects the
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populabon dynanucs of each The model we have modIfIed for the Bermg Sea IS
one bemg used m other boreal ecosystems, BORMICON (Boreal Migrabon and
Consumpbon Model) MIgrabons are prescnbed currently WIth the hope that we
can prescnbe movement based on phYSICal factors m the future The mfluence of
spabal overlap of canmbalISbc adult pollock WIth Juvemles on the populabon
dynanucs of pollock IS mvesbgated Hypotheses about larval dnft posibons and
the resulbng overlap and canmbalISm are also bemg explored ThIS model could be
Imked m the future to an mdividual-based larval pollock model and to a nutrient
phytoplankton-zooplankton model that could prescnbe zooplankton abundance by
area as alternate food for adults and as the pnmary food for Juvemles

AnalyticalApproach to Evaluating Alternative Flshmg Strategies
With Multiple Gear Types

The analybcal approach for simulabng current groundfISh management m the
North PacIfIc U S ExclUSIve EconOmIC Zone mvolves considermg mteracbons
among a large number of specres (mcludmg target, nontarget, and prohIbIted)
areas, and gear types To evaluate the consequences of alternabve management
regImes, modelmg was used to predict the lIkely outcome of management
deCISIOns by usmg statISbcs on hIStoncal catch of different specIes by gear types
and areas Management of the Alaska groundfISh fIShenes IS complex, gIVen the
large numbers of SpecIes, areas, and gear types The managers schedule fIShenes
openmgs and closures to maXlmIZe catch subject to catch lmuts and other
constramts These management acbons are based on expectabons about the array
of specIes lIkely to be captured by different gear types and the cumulabve effect
that each fIShery has on the allowable catch of each mdIVldual target specIes and
other SpecIes groups Management decISIOns were SImulated by an m-season
management model that predicts capture of target and nontarget specres by
dIfferent fIShenes based on hIStoncal catch data by area and gear type The
groundfISh populabon abundance for each alternabve regIme was forecast for a 5

year penod begmnmg from the present ThIS approach proVIdes a reasonable
representabon of the current fIShenes management pracbce for dealmg WIth the
mulb-speCles nature of catch m target fIShenes

In addibon to the model and Its projected results, agency analysts also used the
scIenbhc hterature, ongomg research, and the professIOnal opmlOn of fIShery
experts m theIr respecbve fIelds to perform quahtabve assessments

Influence ofAdvection on Larval Pollock RecrUitment
ThIS model mvesbgates the enVIronmental relabonshIp between surface

advecbon durmg the post-spawnmg penod (pollock egg and larval stages) and
pollock survIval Wespestad et al (1997) found that durmg years when the surface
currents tended north-north westward along the shelf that year class strength was
Improved compared to years when currents were more easterly They used the
OSCURS surface advecbon model to SImulate drIft Subsequently (Ianelh et al
1998), theIr analysIS was extended to apply Withm a stock assessment model The
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/ 'o model uses surface advechon dunng a 90-day penod to determme the "goodness"
of the advechve fIeld for JUvemle pollock

ShellkofPollock IndiVidual-BasedModel (IBM)
Tlus IBM Model was deSIgned to run m conJUllchon WIth the 3-D phYSICal

model (SPEM) and the Shehkof nutnent-phytoplankton-zooplankton model Its
purpose IS to examme, at a mechanIShc level, hypotheses about recruItment of
pollock m Shehkof Strait, especIally as they refer to transport, growth ,and
(somewhat) mortalIty of pollock from spawnmg through the fall of the O-age year

Global Ocean Ecosystem DynamiCS (GLOBEC) NutTlent-Phytoplankton
Zooplankton (NPZ) 1-D and3-D Models

Tlus modelmg effort (the 3-D NPZ model coupled WIth a phYSIcal model of the
crrculahon of the region) IS deSIgned to test hypotheses about the effect of clImate
change/regtrne shIfts on produchon m the coastal region of the Gulf of Alaska,
mcludmg effects on cross-shelf transport, upstream effects, local produchon, and
effect on swtabIhty of the region as habItat for Juvemle salmon

Steller sea Lion IndiVidual-BasedModel (IBM)
Tlus IBM model will be desIgned to examme how sea hon energy reserves

change, through foragmg and bioenergehcs, dependmg on the dIStrIbuhon,
densIty, patchmess, and speCIes composihon of a dynaIIDc prey fIeld (as mfluenced
by factors such as potenhallocal deplehon by fIShmg) It should be apphcable to
any domaIn surroundmg a speCIfIc sea hon rookery or haul-out m the Bermg Sea,
Aleuhan Islands, or Gulf of Alaska Lion characterIShcs such as age, locahon, lIfe
stage, and brrth date are recorded Calonc balance IS the maIn vanable followed
for each mdIvidual

ShellkofNutTlent-Phytoplankton-Zooplankton (NPZ) Model, 1-D and3-D
Versions

Tlus NPZ model was deSIgned to produce a temporally and spahally exphClt
food source (Pseudocalanus stages) for larval pollock, desIgned to be mput to the
pollock IBM model Tlus set of coupled (bIolOgical and phySIcal) models was
deSigned to be used to examme hypotheses about pollock reCruItment m the
ShehkofStraItregIon

GulfofAlaska Walleye Pollock Stochastic SWitch Model
Tlus model was desIgned as a mathemahcal representahon of a conceptual

model presented m Megrey et al 1996 It IS a numencal sImulahon model of the
reCruItment process A generalIze descnphon of stochashc mortahty IS formulated
as a £unchon of three specIfIc mortahty components consIdered Important m
controllmg SUrvIVal (random, caused by wmd mIXmg events, and caused by
prevalence of oceamc eddIes) The sum total of these components, under some
condIhonal dependencIes, determmes the overall SurvIVal expenenced by the
recruIts

\ I

~
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North PaCIfic Ecosystem Model for Understanding Regional
Oceanography (NEMURO).

'flus model was desIgned to represent the IDmImUIll state vanables needed to
represent a genenc nutnent-phytoplankton-zooplankton (NPZ) manne ecosystem
model for the North Paoftc Ecosystem fluxes are tracked m both umts of rntrogen
and silicon Carbon flux process equabons have been recently added The purpose
of the modellS to examme the effects of clIIDate varIability on the marme ecosystem
through regIOnal comparISOns by means of usmg the same ecosystem model
structure and process equabons

Mass-Balance Ecosystem Models (Ecopath) for North PaCific Regions of
Interest (Multiple Models)

Mass-balance food web models provIde a way for evaluabng the Importance of
predator-prey relabonshtps, the roles of top-down and bottom-up forcmg m
modeled ecosystems, and the changes m ecosystem structure resulbng from
envIronmental perturbabons (natural or anthropogernc) AddIbonally, the models
may proVIde a way to compare natural predabon mortalIty WIth respect to
predator bIOmass and fIshmg levels, and determme the qualIty of data avaI1able for
a gIven system

Eastern Benng Sea Shelf Ecopath Modell Although many of these models
were done m the past for the Alaska regIon, the most up-to-date publIshed model IS
the effort by Tntes et al (1999) for the Eastern Benng Sea These models are hIghly
aggregated across age groups and speCIes groups and best htghhght our gaps m
understandmg of how ecosystems funcbon and our lack of data on certam
ecosystem components Walleye pollock IS broken mto two bIOmass groups
pollock ages 0 to 1 and pollock age 2 and older 'flus model IS useful for tesbng
ecosystem hypotheses about bottom-up and top-down forcmg and to examme
system level propemes and energy flow among trophtc levels The Eastern Bermg
Sea model extent mcludes the mam shelf and slope areas north to about 610 N and
excludes near-shore processes and ecosystem groups

Eastern Benng Sea Shelf Model 2 and Western Benng Sea Shelf Ecopath
Model The second Eastern Benng Sea Shelf model breaks down the earher model
mto more detaI1ed speCIes groupmgs to tease apart the dynamICS of mdIvIdual
SpecIes, especIally m the commerCIally Important groundfIsh Spabal extensIOns to
the model mclude subdIvIdmg mto mner, mIddle, and outer bIophySIcal domams
The model will be calIbrated WIth respect to top-down and bottom-up forcmg WIth
the use of "checkpomt" food webs for several years m the 1990s, the 1979 to 1998
bme senes of trawl data, and Mulbspecles VIrtual Populabon AnalySIS
(MSVPA)jother assessment analyses The prImary purpose of thIS model IS to
mvesbgate the relabve role of natural and anthropogernc dISturbances on the food
web as a whole A Western Bermg Sea Shelf model, bwlt as a Jomt US-RussIan
project, IS currently bemg completed

Gulf of Alaska, Conbnental Shelf, and Slope (Excludmg Fjord, Estuarme,
and Interbdal Areas) Ecopath Model Throughout the 1990s there have been
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extensIve commeraal fIshenes m the Gulf of Alaska (GOA) for groundftsh, as well
as crab, herrmg, hahbut, and salmon Removals of both target specIes and bycatch

/'

by these (and htstoncal) fIshenes have been suggested as a possIble cause for the
declme of the western stock of Stellar sea hons, wluch are now hsted as endangered
specres An Ecopath/EcoslID model for the GOA could test the hypothesl5 that
fIshery removals of groundftsh and bycatch dunng the 1990s has contnbuted to the
contmued declme of Stellar sea hons

_In addtnon, a commumty restructunng, m wluch ShrlIDp populanons declmed
dramancally and commercIal fIsh populanons mcreased between the 1960s and the
1990s, may have taken place, accordmg to small mesh trawl surveys conducted by
the Nanonal Marme Fl5henes ServIce and Alaska Department of Fl5h and Game An
addtnonal hypOthesl5, wluch could be tested WIth tlus model, 15 that tlus tropluc
reorgamzanon has had a neganve lIDpact on manne mammal and bud populanons m
the GOA Fmally, the effects of an apparent mcrease m shark populanons on theu prey
and the relanve lIDportance of these effects m the whole system could be evaluated
WIth an Ecopath model

The Aleuban Island and Pnbtlof Islands Ecopath Models Wlule the Eastern
Benng Sea and Gulf of Alaska model may capture broad-scale dynamlcS of
WIdespread fIsh stocks, theu scale 15 too large to address local deplenon ThIs ISSUe
may be lIDpOrtant for 15land-based fIsh such as Atka mackerel, and may be cnncal
for determmmg the effect that changes m the food web may have on the
endangered Steller sea hon ThIs smaller-scale Ecopath model will be used m
conJUllct1on With larger-scale models to examme the pOSSIbility of lmkmg the
models across scales

Pnnce Wtlham Sound Ecopath Models An Ecopath model of Pnnce WIlham
Sound (PWS) was constructed by a collaboranon of experts from the region dunng
1998-1999 (Okey and Pauly 1999) The Exxon Valdez Oll Spill Trustee Councll
funded thts effort for the purpose of "ecosystem synthesl5" The project was
coordmated by the Umversity of Bntlsh ColumbIa Fl5henes Centre and overseen
by the Nanonal Marme Fl5henes ServIce Office of Oll Spill Damage Assessment
and Restoranon Prmce Willtam Sound 15 well defmed geographIcally, spanal
defmtnon of the system consl5ted of drawmg lmes across Hmchenbrook Entrance,
Montague StraIt, and smaller entrances The tlme penod represented by the model
15 1994 to 1996, s the post-spill penod WIth the broadest and most complete set of
ecosystem mformanon ThIs food web model COnsl5ts of 48 funcnonal groups
rangmg from smgle ontogenenc stages of speClal-mterest specIes to lughly
aggregated groupmgs A vanety of hypotheses are bemg addressed WIth the PWS
model-most relate to the 1989 Exxon Valdez Oll Spill and the fIshenes m the area
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U Table 1 Model Areas Time Period, Contact Person, and Model Status

Model Namel
Model Region Time Penod Contact Status

Single-species stock assessment EBS 1964-95 Patncla LIvingston Working
models that Include predatton GOA 1964-97

(Annual)

Benng Sea MSVPA 1979-98 Patncla LIvingston Working

3 Months (quarterly) Jesus Jurado-Molina

BORMICON for the eastern Benng 1979-97 Patncla LIvingston Plannlngl
Sea 1 Month constructton

Evaluating Alternative Fishing Current Jim lanelll Working
Strategies

Advection on larval pollock 90 Days of Larval Dnft Jim lanelll Working
recruitment 1970s-present

Shellkof Pollock IBM YD 60-270 Sarah Hinckley Working

Dally

GLOBEC NPZ 1-D and 3-D Models YD 60-270 (eventually year-round) Sarah Hinckley In progress

Dally

Steller Sea lion IBM Summer or Winter Sarah Hinckley Plannlngl

Minutes to Days Construction

Shellkof NPZ Model 1-D and 3-D YD 60-270 (eventually year-round) Sarah Hinckley In progress
Versions Dally

0' GOA Pollock StochastiC SWItch 32 years (replicates) Bern Megrey Working
Model Dally

NEMURO 1 Full Year Dally Bern Megrey In progress

Eastern Benng Sea Shelf Model 1 1950s and early 1980s Patncla LIVingston Completed
Ecopath Annual

Eastern Bering Sea Shelf Model 2 1979-1998 Kenm Aydin In progress
Ecopath Annual

Western Bering Sea Shelf Ecopath Early 1980s Kerlm Aydin In progress

Annual Victor Lapko

Gulf of Alaska Shelf Ecopath 1990-99 Sarah Galches In progress

Annual

A1euttan Islands, Pnbllof Islands 1990s-2000s Patncla LIVingston Proposed
Ecopath Annual Lorenzo Clannelll

Pnnce William Sound Ecopath Pre- and Post 1989 011 spill Tom Okey Completed

Annual

Notes
BORMICON =Boreal Migration and Consumption Model
EBS =Eastern Benng Sea
GLOBEC =Global Ocean Ecosystem DynamiCS
GOA =Gulf of Alaska
MSVPA =Multtspecles Virtual Population AnalysIs
NEMURO =North PaCific Ecosystem Model for Understanding Regional Oceanography
NPZ =nutnent-phytoplankton-zooplankton
YD =days of the year

\,,-~
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NOTE: THE FOLLOWING TABLE IS ALSO TABLE 26 IN CHAPTER 12. REVISIONS SHOULD BE
ADDRESSED TO THAT TABLE AND CAN BE DUPLICATED HERE.

Table 2. Model Spatial Domains, Currencies, Inputs, and Outputs

Model Name/

Model Region Model Spatial Domain Inputs Outputs/Currency

Single-species stock Across EBS and GOA Fisheries data and predator Pollock population and
assessment models Pollock distributions biomass mortality trends-
that include number at age (and
predation biomass at age)

Bering Sea MSVPA The modeled region is the Fisheries, predator biomass, Age-structured
EBS shelf and slope north to and food habits data. This population dynamics for
about 61°N model requires estimates of key species-numbers

other food abundance supplied at age
by species outside the model.

BORMICON for the The model is spatially Temperature is included and Spatial size distribution
Eastern Bering Sea explicit with 7 defined influences growth and of pollock

geographic regions that consumption.
have pollock abundance and
size distribution information.

Evaluating U.S. Exclusive Economic Gear-specific fishing effort, Biomass of managed
Alternative Fishing Zone including bycatch fish species
Strategies

Advection on larval Southeast Bering Sea Shelf OSCURS surface currents Index of pollock
pollock recruitment (wind-driven). recruitment

Shelikof Pollock IBM Western GOA from just From physical model: Individual larval
southwest of Kodiak Island Water velocities, wind field, characteristics such as
to the Shumagin Islands, mixed-layer depth, water age, size, weight,
shelf, water column to 100 m temperature, and salinity, location, life stage,

Pseudocalanus field (from
hatch date,
consumption,

NPZ model) respiration

GLOBEC NPZ 1-D Water column (0-100 m) Irradiance, MLD Diffusivity, ammonium,
and 3-D Models Coastal GOA from Dixon Temperature, diffusivity, nitrate, detritus, small

Entrance to Unimak Pass, bottom depths, water velocities and large
100 m of water column over (u, v, w phytoplankton,
depths < 2000 m dinoflagellates,

5-m depth bins x 20 km tintinnids, small coastal

horizontal grid copepods, neocalanus,
and euphausiids

(nitrate and
ammonium): mmol/m"3

(all else): mg
carbon/m"3

Steller Sea Lion IBM Should be applicable to any The main input will be a 3D Individual sea lion
domain surrounding a field of prey (fish) distribution, characteristics such as
specific sea lion rookery or derived either from age, location, life stage,
haul-out in the Bering Sea, hypothetical scenarios or and birth date are
Aleutian Islands, or GOA (later) modeled based on recorded. Caloric

acoustic data balance is the main
variable followed for
each individual.
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( Table 2 Model Spatial Domains, Currencies, Inputs, and Outputs"-./

Model Name/

Model Region Model Spabal Domam Inputs Outputs/Currency

Shellkof NPZ Model Water column (0-100 m) Irradlance MLD temperature Nitrogen
1-D and 3-D GOA from southwest of bottom depths water velocloes phytoplankton
Versions Kodiak Island to Shumagin (u v w) Neocalanus densities

Islands 1-m depth bins for Pseudocalanus
1-D version 1 m depth x 20 numbers/m-3 for each
km for 3-D version of the 13 stages (egg 6

naupllar 6 copepodlte)s

GOA Pollock Shellkof Strait Gulf of Number of eggs to seed the Number of 9Q-day-old
Stochasoc SWItch Alaska model Base mortality pollock larvae through
Model addlove and multiplicative time

mort Adjustment parameters
for each mort Factor

NEMURO Ocean Station P (500N 15 state vanables and Ecosystem fluxes are
1450W) Benng Sea (57 5°N parameters Including tracked In Units of
1750W) and Station A7 off 2 phytoplankton nitrogen and SIlicon
the east of Hokkaldo Island 3 zooplankton and multiple
Japan (41 3°N 145 30W) nutnent groups

Eastern Benng Sea 500 000 km"'2 In EBS south Biomass, production Balance between
Shelf Model 1 of61°N consumption and diet produced and
Ecopath composition for all major consumed per area

species In each ecosystem biomass (tlkm"'2)
Future work Will explore
energy (kcallkm"'2) and

'''--- )
nutnent dynamics

Eastern Benng Sea 500 000 km"'2 In eastern
Shelf Model 2 Benng Sea south of 61°N
Ecopath

Western Benng Sea 300 000 km"'2 on western
Shelf Ecopath Benng Sea shelf

Gulf of Alaska Shelf NPFMC management areas
Ecopath 610 620 630 and part of

640

Aleutian Islands Not determined
Pnbllof Islands
Ecopath

Pnnce William Whole Pnnce William Sound
Sound Ecopath
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Table 2 Model Spatial Domams, Currencies, Inputs, and Outputs

Model Name/
Model Region Model Spatial Domam Inputs Outputs/Currency

( j

Source Table 2 In North Pacific Models of the Alaska Flshenes SCience Center and selected others I compiled
by Kenm Aydin

Notes
BORMICON = Boreal Migration and Consumption Model
EBS = Eastern Benng Sea
GLOBEC = Global Ocean Ecosystem Dynamics
GOA = Gulf of Alaska
km = kilometer
kcal = kilo calone
m = meter
MLD=
mmol = millimolar
MSVPA = Multlspecles Virtual Population AnalySIS
NEMURO = North Pacific Ecosystem Model for Understanding Regional Oceanography
NPFMC = North PaCific Flshenes Management Council
NPZ = nutnent-phytoplankton-zooplankton
OSCURS = Ocean Surface Current Simulations
t = metnc ton
YD = days of year
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