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TO:

FROM:
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RE:

Trustee Council

July 30,2001

GEM follow-up

Enclosed is the latest draft of the GEM Program Document. We have had two recent
review sessions - one with the Public Advisory Group and one with the Trustee agency
liaisons. These were very helpful and resulted in us re-organizing the whole document in
order to improve readability. Overall, both groups were very positive about the direction
of the document, and most comments were easily accomodated. Because of the recent
organizational changes however, we have only been able to review each individual
chapter, and not the revised document as a whole, until now. Consequently, there are still
minor revisions that need to be made, in addition to final proofing and editorial word
smithing. Attached you will find a working list of the changes we will be incorporating
into the next version.

At the August 6 meeting, I will be asking for your approval to move forward with this
draft as the "NRC review draft". Our plan is to make the final edits and revisions by
August 15, send the draft to the printer, and submit the draft to the NRC by September 1,
2001. Phil Mundy and I will be meeting with the NRC review committee in Seattle
September 18-19 to discuss the latest draft. The committee meets again in November in a
closed-door meeting to begin drafting their final report, which we should receive in
March 2002.

Federal Trustees
U.S. Department of the Interior
U.S. Department of Agriculture

National Oceanic and Atmospheric Administration ..

State Trustees
Alaska Department of Fish and Game
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REVISIONS TO GEM PROGRAM DOCUMENT
July 30, 2001

Content

1 Need to add section on commumty mvolvement, stewardslup and TEK Somehow
these dId not get mcorporated mto the latest draft

2 Volume I, Chapter 2 - Human ActIVIties and therr Impacts - still needs reVISIon In
addItion, we WIll be contractmg WIth someone (economIst, SOCIal sCIentIst?) to
expand tlus to the level of the chapters m the SCIentIfic Background (Volume II,
Chapter 3) and mcorporate all, or parts, mto that chapter

3 Two polIcy deCISIons -Can we use prmcIpal mvestIgators to proVIde some level of
peer reVIew for other proJects? Should we reVISIt the Issue ofnot fundmg "nonnal
agency management?"

4 Executive summarIes need to be added for overall document and for SCIent1:fic
Background, Volume II, Chapter 3

5 Add dISCUSSIon of salmon lIfe cycle (WIth figure from Sustamable Salmon Report)
somewhere m Volume I as example of GEM approach WIth management applIcatIon

Style

1 A number of figures are still bemg worked on
2 Fmal edIts and proofmg needs to be done
3 PossIbly add acronyms & Web lmks appendIx to Volume I also?
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C OVERVIEW OF THE GEM DOCUMENT

The Gulf Ecosystem Momtormg (GEM) Program Document has been prepared m
two volumes to more easily descnbe the basIC momtonng and research program
(Volume I) while proVIdmg access to the factual basIS for the program (Volume II)
Volume I explams the basIC mobvabons for the program, mformabon needs, and
the strategtes for meebng these mformabon needs (see Table 0 1 below) Volume II
presents the factual basIS for the program, mcludmg the detaIled descnpbons of
two Important components of the program (1) modelmg and (2) data management
and mformabon transfer Table 0 1 IdenbfIes the quesbon addressed by each
chapter and the products prOVIded The OvervIew FIgure, followmg the table,
illustrates the structure of the GEM Program Document

Table 0 1 Contents of the GEM Program Document

Chapter Title & Question Addressed

Volume I-Strateglc Plan for Momtonng and Research

1 VIsion

Why do thiS and what do we hope to
achieve?

Products

MIssion and goals

Program context

2

3

4

5

6

Human Uses and Activities

What are the human actJvtttes In the region
and their potentlallTTlpacts?

GEM InformatIon Needs

What information do we need?

Program Components and Strategies
r

How can we get the informatIOn we need?

MOnitOring Plan & Research Agenda

What are we gOing to do to get the
information, when win we do d, and WIth
whom?

Program Management

What are the processes and poliCies for
mondonng and research?

Issues of concern to the Trustee
Council and public

SpeCific questIons and
informatIon needs

Key components and
Implementation strategies

Starting POint for Implementation
process

The Gulf Ecosystem MOnitOring
and Research Program

Volume II-The Historical Legacy BUlldmg Blocks for the Future

1 BUildIng on Lessons of the Past Past experience

What do other regional manne sCience Hypotheses and strategies
programs have to teach us?

2

3

)

Llngenng Effects of the 0,1 Spill

What does expenence from the 011 spill teach
us?

SCIentific Background

What IS published that can help us?

Past experience

Current knowledge of the Gulf
of Alaska

General research questIons

OVERVIEW
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0
Table 0 1 Contents of the GEM Program Document

Chapter Title & Question Addressed Products

4 Conceptual Foundation Central hypothesIs and

How do we thmk the ecosystem works? questions

5 Modeling Modeling definitions and

What IS the role of modelmg m GEM options for program

ImplementatIOn? Implementation

6 Data Management and Information Transfer Data management and

What are the roles of data management and information transfer options for

mformatJon transfer m GEM ImplementatIon? program Implementation

A AppendIX A Fish and Invertebrate Species
from 1996 Trawl Survey of
the Gulf of Alaska

B Appendix B North PaCific Models of the
Alaska Flshenes SCience Center and
Selected Other Organizations

C Appendix C Gulf Ecosystem MOnitoring and
Research (GEM) Database

D AppendiX D Glossary of ExIsting Agency
Programs and Projects

E AppendiX E Acronyms and Web Lmks

"-
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II OvERVIEW
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Gap Analysis

Figure 0.1. An overview of the structure of the GEM program document showing the relation of
key concepts to the habitat types and the schedule of implementation

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

In ThIS Chapter

~ Ongm of the GEM program

~ Explanahon of the nusslon ldenhfted for the program

~ Idenhftcahon of goals, geographtc scope, and fundmg

Prudent use ofthe natural
resources ofthe spill area

reqUIres mcreased knowledge of
CritIcal ecological mformatIon

about the northern GOA

/'

( )
.../

A program rooted m the sCIence of a large-scale
1.1 Introduction ecolOgIcal dISaster IS umquely SUIted to form the

foundahon 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) conftrmed that a sohd
htstoncal context IS essenhal to understand the sources of changes m valued
natural resources Toward thts end, m March 1999 the Exxon Valdez 011 Spill
Trustee Council (Trustee Council) dedIcated approxtrnately $120 millIOn for long
term momtonng and research m the northern Gulf of Alaska (GOA) The new fund
will be m place by October 2002 and will funchon as an endowment, WIth an
annual program funded through mveshnent earmngs, after allowmg for mflahon
proofmg and modest growth of the corpus

In makIng the deCISIon to allocate these funds for a long-term program of
momtonng and research, referred to herem as the Gulf Ecosystem Momtormg and
Research (GEM) program, the Trustee Council e?,phcltly recogmzed that complete
recovery from the oil spill may not occur for decades
and that through long-term observahon and, as needed,
restorahon achons, the mJured resources and servICes are
most hkely to be fully restored The Trustee Council
further recogmzed that conservahon and trnproved
management of these resources and servIces would
reqUITe substanhal ongo~gmveshnent to trnprove
understandmg of the marme and coastal ecosystems that
support the resources, as well as the people, of the spill regIon Improvmg the
quahty of mformahon available to resource managers should result m trnproved
resource management In addlhon, prudent use of the natural resources of the spill
area WIthout compronusmg therr recovery requrres mcreased knowledge of cnhcal
ecolOgIcal mformahon about the northern GOA Thts knowledge can only be
prOVIded through a long-term momtormg and research program that will span
decades, If not centurIes There are both lffiffiemate, short-term needs to complete
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the understandIng of the hngermg effects of the Oll spill and long-term needs to
understand the sources of changes m valued natural resources

The ongmalllliSslon of the Trustee Councll's
1.2 MIssion Restoratlon Program, adopted m 1993, was to

"efficlently restore the envrronment m]U1'ed by the
EVOS to a healthy, product1ve, world-renowned ecosystem, while takmg mto
account the lffiportance of the quahty of hfe and the need for Viable opportunltles
to estabhsh and sustam a reasonable standard of hvmg "

COnsl8tent Wlth thlS llliSSlon and WIth the ecosystem approach to restoratlon
adopted by the Trustee COunCll m 1994, the llliSSlon of the GEM program 18 as
follows

Sustatn a healthy and btologtcally dtverse martne ecosystem tn the
northern Gulf ofAlaska (GOA) and the human use of the martne
resources tn that ecosystem through greater understandtngofhow
tts producttvtfy tS tnfluenced by natural changes and human
acftvtttes

In pursmt of thlS ffilSSIon, the GEM program will accomphsh the followmg

• Sustam the necessary xnstltutlonal mfrastructure to prOVIde sclentlftc
leadersmp m ldentlfymg research and momtormg gaps and pnontles,

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

• Encourage effiCIency m and mtegratlon of GOA momtormg and research
actlvltles through leveragmg of funds and mteragency coordmatlon and
partnersmps, and

• Promote local stewardsmp by mvolvmg stakeholders and havmg them help
gmde and carry out parts of the GEM program.

In adoptlng thlS llliSSIon, the Trustee COunCll acknowledges that, at tlmes,
sustammg a healthy ecosystem and ensurmg sustamable human uses of the marme
resources may be m confhct In those xnstances, the goal of acmevmg a healthy
ecosystem will be paramount The Trustee COunCll also acknowledges that, at thlS
tlme, clearly defmed measures for assessmg "ecosystem health" are lackmg (NRC
2000) These measures will be mcorporated mto the program as they are
developed

FIve InaJor goals have been Identlfted as necessary
1.3 Goals to accomphsh the GEM mISSIOn Attammg all

fIve, however, will requrre several decades Two
of these goals may be attamable Withm the early decades of operatlng the GEM
program, gIven suffiCIent fundmg and collaboratlon WIth other partners
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1 Detect Serve as a senbnel (early warnmg) system by detecbng annual and
long-term changes m the marme ecosystem, from coastal watersheds to the
central gulf, and

2 Understand Idenbfy causes of change m the manne ecosystem, mcludmg
natural vanatIon, human mfluences, and theIr mteracbon.

Two other goals provIde an essentIal pIece of the foundatIon for a long-term
program Although these goals are lIkely to be fully realIzed only after the fIrst
decade of operabng the GEM program, shorter-term accomplIshments should be
achIeved sooner

3 Inform. ProVIde mtegrated and synthesIZed InformatIon to the publIc,
resource managers, mdustry and polIcy makers m order for them to
respond to changes m natural resources, and

4 Solve Develop tools, technolOgIes and InformatIon that can help resource
managers and regulators Improve management of marme resources and
address problems that may ","rIse from human actIVItIes

The fIfth goal IS Inherently long-term and dIffIcult to achIeve, but of
consIderable potentIal value to resource users and managers It serves more as a
long-range beacon to guIde the desIgn of morutonng actIVItIes, 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, resource managers and the concerned publIc should collect
mcremental dIVIdends on theIr mvestment m GEM The benefIts, however, will be
maxmuzed over the long run UltImately, GEM must proVIde InformatIon that
enables resource-dependent people, such as subsIStence users, recreatIonalISts, and
commerCIal fIshers, to better cope WIth changes m marme resources The data and
InformatIon produced by GEM durmg Its fIrst decade may not totally solve
problems for the publIc, commercIal mterests, resource managers, and polIcy
makers faced WIth enVIronmental change Nonetheless, as InformatIon
accumulates, the abIlIty for GEM to proVIde problem-solvmg InformatIon and tools
can and must mcrease

GIven the sIZe and compleXIty of the northern GOA ecosystem and the
avaIlable fundIng, It will not be posSIble to meet these goals WIth only the data
collected by GEM Addressmg the program goals will requIre achIevmg the
followmg operatIonal goals

• SynthesIZe morutonng and research results to adVIse m settIng pnorItIes,

• Pnonhze morutonng and research needs,
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• Idenbfy momtonng and research gaps currently not addressed by eXlSbng
programs,

• Fund momtonng of core varIables,

• Leverage funds to augment ongomg momtonng work funded by other
enhhes,

• Track work of other enhhes relevant to understandmg btologIcal
produchon m the GOA,

• Involve other government agencIes, non-governmental orgamzahons,
stakeholders, pohcy makers, and the general pubhc m a collaborahve
process to achteve the ffilSSlon and goals of GEM, and

• FacIlItate apphcahon of GEM research and momtonng results to beneftt
conservahon and management of marme resources

The substanhal experIence of the EVOS Restorahon Program mmcates that
these eIght operahonal goals are reasonable, necessary, and attamable

ConsIstent wIth the Restorahon Plan, GEM
1.4 Geographic Scope program achVlhes will occur Wlthm the area

affected by the 1989 ou spill, whIch 18 generally
the northern GOA, mc1udmg Pnnce Willtam Sound (PWS), Cook Inlet, KodIak
Island, and the Alaska Pemnsula (FIgure 11) Recogmzmg that the marme
ecosystems affected by the ou spill do not have dl8crete boundanes, some
momtonng and research achvlhes may extend mto adjacent areas of the northern

GOA

Flgure11

TIllS IS FIGURE 1 OF PREVIOUS REPORT NEED TIIE ELECTRONIC FILE

The pnmary geographIc focus of GEM wul be the four habItat types that
contam the ecosystems of the area affected by the ou spill Buudmg on the lessons
of the past from the ou spill damage assessment (Natural Resource Damage
Assessment), the ou spill restorahon program, and other efforts (see Volume II),
momtol'lllg wul occur m locahhes Wlthm the habItat types best sUlted to answer the

r sClenhftc queshons posed m the GEM strategic plan (see Chapter 4, Volume I)
SUltability of locales will be detennmed by sclenhftc and pohcy cntena (Chapters 4
and 5, Volume I) that are deSIgned ill accordance WIth the ffilSSlOn and goals of the
Trustee Councu

In deftnmg geographIc scope, It 18 also tmportant to note that the ecosystems of
the northern GOA encompass four habItat types-watersheds, mterhdal and
subtIdal, Alaska Coastal Current (ACq, and offshore (the conbnental shelf break
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and the Alaska Gyre) (Sechon 3 1 2) Another Important considerahon IS that the
waters of the GOA are connected to adJacent waters Waters from the shelf and
basm of the GOA eventually enter the Bermg Sea and the Archc Ocean (through
the Bermg StraIt) Although GEM has a regIOnal (GOA) outlook, the program will
be of vItal Importance m understandmg the downstream Bermg Sea and Archc
Ocean ecosystems In add1hon to the hnkages prOVIded by the movements of
ocean waters, the GOA IS hnked to other regIOns by the many specIes of brrds,
fIshes, and mammals that also move through these regIOns It IS also becommg
mcreasmgly clear that envrronmental cond1hons m the GOA, such as levels of
persIStent orgamc pollutants, as well as the temperature of GOA waters, can
ongmate many thousands of miles away

The Trustee CouncIl will fund the GEM program
begmnmg m October 2002 With funds allocated
for long-term morutormg and research, eshmated
to be approxImately $120 millIon The Trustee

CouncIl will manage these funds as an endowment, With the annual program
funded by mvestment earrungs after mflahon-proofmg, thus provIdmg for a stable
program through hme The Trustee Councl1 also may choose to fund a smaller
program m the early years to allow the corpus of the fund to buIld The Trustee
CouncIl's long-term goal IS to allow for addihonal depOSIts and donahons to the
fund from other sources to mcrease the corpus AchIevmg thIS goal mIght requrre
changes m state or federallegISlahon and poSSIbly a change m the court-approved
settlement and will be pursued at a later hme

Under eXlShng law and court orders, three state and three federal trustees have
been desIgnated by the Governor of Alaska and the PreSIdent of the Uruted States
to admmlSter the restorahon fund, wllich mcludes fundmg for GEM, and to restore
the resources and servIces mJured by the 011 spIll The State of Alaska trustees are
the COmmlSsIOner of the Alaska Department of EnvIronmental Conservahon, the
COmmlSsioner of the Alaska Deparhnent of FISh and Game, and the Attorney
General The federal trustees are the Secretary of the Intenor, the Secretary of
Agnculture, and the AdmmlStrator of the Nahonal Oceamc and Atmosphenc
AdmmlStrahon, US Department of Commerce

The trustees establIShed the Trustee CouncIl to adffilillSter the restorahon fund
The state trustees serve drrectly on the Trustee CouncIl The federal trustees each
have appomted a representahve m Alaska to serve on the Trustee CouncIl They
currently are the U S Intenor Department's Alaska DIrector of FISh WIldhfe
ServIce, the Alaska DIrector of the Nahonal Marme FIShenes ServIce, and the
SupervISor of the Chugach Nahonal Forest for the Deparhnent of Agnculture All
deCISIOns by the Trustee CouncIl are requrred to be unanImOUS

It IS expected that the current Trustee CouncIl will make pohcy and fundmg
decISIOns for the GEM program Ithas been suggested that at some hme m the
future, a new board or overSIght structure other than the Trustee Councl1 be
estabhshed to admIruster or gUIde the GEM fund It IS also pOSSIble that an eXlShng
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board, eIther under Its current structure or WIth nunor modIficahons, could take
over management of the fund Use of a new governance structure, IfJusbfIed,
would requITe changes m law and the applIcable court decrees Such changes
would take consIderable hIDe and are not anhclpated m the near future

1.6 References

NRC 2000 EcolOgical mdlcators for the nahon Nahonal Academy Press
Washmgton, D C
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Even In pristine Alaska natural
resource managers are

concernedabout
the Impacts ofpollution on

marine ecosystems

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

In ThIs Chapter

»- DISCUSSIOn of the human Impacts m the GOA

»- Descnpnons of sub-regtons

»- IdentlftcatIon of human acbvitIes occurnng

NOTE TIns chapter IS bemg reworked, and part or all of It will be mcluded
In the SCIentIfIc Background, Chapter 3, Volume II

The growmg populatIon of Alaska and the eXlSbng and potentIally greater
human use of the resources of the northern GOA are Important consIderatIons 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 essentIal to assess and understand the Impacts that human actIVItIes may have on
Important fISh and WIldlIfe SpecIes, theIr habItat, and the northern GOA ecosystem

G overall

The economy of Alaska depends heavily on extracbon of natural resources,
pnmarily oil, fIsh, and shellfIsh, followed by tImber and mmerals In the northern
GOA, commercIal fIshIng, recreatIon, and tourISm (mc1udmg sport fIShIng), oil and
gas development, loggmg, roadbuildIng and urbaruzatIon, marme transportatIon,
and subSIStence harvests are all actIVItIes that have the potentIal to affect fIsh and
wildlIfe populatIons and habItat

The human Impact on Alaska's marme ecosystems IS relatIvely small,
compared to Impacts m most of the developed world Other regtons are faced With
marme dead zones caused by eutrophIcatIon (declme of a water body caused by
oxygen defICIency) from pestICIde runoff, overfIshIng and depletIon of fIsh stocks,
SerIOUS mdustnal pollutIon, and degradatIon of
Important habItat such as coral reefs and coastlmes
Alaska IS pflSbne m comparISon Even here, however,
natural resource managers have concerns about
localIzed pollutIon, the potentIal Impacts of some
fIshenes, extreme changes m some fIsh and wildlIfe
populatIons, and the httle known Impacts of
contammants and global warmmg

State and federal laws and permItbng systems are deSIgned to IdentIfy and
~) lllltIgate the drrect Impacts of these actIVItIes Secondary and cumulatIve Impacts
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are not as roubnely assessed, however There IS concern that local problems, If left
umdentIfied or unmomtored, could grow mto reglOnal problems

Expenence WIth the EVOS RestoratIon Program has demonstrated that, unless
an lffipact IS very large, It IS often extremely dIffIcult to ISolate the human lffipact
from the natural vanability Because GEM will be a long-term program, however,
It IS lffiportant to assess the potentIallffipacts of human actIVitIes on a regular basIS
to determme therr mfluence on changes m the abundance and dIStnbutIon of
lffipOrtant resources

About 71,000 full-tlme reSIdents lIve Withm the
area drrectly affected by the Oll spill (FIgure 11),
and two to three tlmes that number use the area
seasonally for work and recreatIon The spill area
populatIon, combmed 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 combmed WIth more than
one millIon tourISts who VISIt the state each year, It becomes clear that the natural
resources ot the northern GOA cannot be lffiffiune to the pressures asSOCIated WIth
human uses and actIVitIes

2 1.1 Prmce Wilham Sound

PWS lIes north of the GOA and west of Cordova About 7,000 people lIve and
make therr lIvmg m thIs area The largest commumtIes-Cordova, Valdez, and
WhIther-are all coastal and predommantly non-NatIve, although Valdez and
Cordova are home to Alaska NatIve village corporatIons and tnbes Chenega Bay
and TatItlek are Alaska Nanve villages All fIve commumtIes are acceSSIble by au
or water, and all have dock or harbor facllitIes In the north, the ports of Valdez
and WhIther lmk the area to the state's mam road system

The econOffilC base of the fIve commumtIes m PWS IS heavllY resource
dependent The Cordova economy IS based on commerCIal fJ.shmg, pnmanly for
pmk and red salmon As the termmus of the Trans-Alaska Pipehne System, Valdez
IS dependent on the Oll mdustry, but commerCIal fIshmg and fIsh processmg,
government, and tOUrISm also are lffiportant to the local economy Large Oll
tankers roubnely traverse PWS and the northern GOA to and from the Port of
Valdez In addItIon to workIng as Oll mdustry employees, WhIther reSIdents also
work as government employees, longshoremen, commerCIal fIshermen, and servIce
proVIders to tourISts The people of Chenega Bay and TatItlek augment commerCIal
fJ.shmg, aquaculture, and other cash-based acnvitIes WIth subSIStence fJ.shmg,
hunbng, and gathermg

2.1.2 Kenai Pemnsula

The Kenai Penmsula, on the northwest margm of the GOA, separates Cook
Inlet from PWS The central pemnsula IS connected to the mam road system, only a
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few hours by car from the major populahon center of Anchorage Homer and
l,,-___ Kenar have Jet aIr access from Anchorage, and Wluther has tram access, both

passenger and cargo Because of tlus road connechon to Anchorage, the Kenar
Penmsula IS the fastest growmg area m the northern GOA About 50,000 people
lIve on the penmsula, wIth about two-tlurds lIvmg near the crhes of Kenar and
Soldotna The economy of tlus area depends on the oil and gas mdustry,
commercIal fIshmg, and tourISm 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 hme Seward IS a seaport on the eastern Kenar Penmsula near the
western entrance of PWS It IS the southern termmus of the Alaska RaIlroad, whIch
transports marme cargo and passengers to and from Anchorage

The southern Kenar Penmsula contarns the crhes 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 marn 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 ftshmg and on village corporahon
enterpmes, such as the salmon hatchery, cannery, and loggmg enterpme at Port
Graham Homer IS the econOmIC and populahon hub of tlus part of the penmsula
and depends on commerCIal fIshmg, toumm, and forest products

Toumm IS an Important and growmg part of the Kenar Penmsula economy
Marme sport ftshmg out of Seward and Homer IS a major attrachon for the tOurISt
mdustry Crutse shIps dock at the Seward harbor, and commercIal vessels take
passengers on tours of the nearby Kenar Fjords Nahonal Park The Kenar River and
Its trIbutary, the RUSSIan River, are major sport ftshmg nvers, attrachng toumts
from Anchorage and all over the world

2 1 3 Kodiak Island Archipelago

The KodIak Island archIpelago lIes 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 AkhIok About 14,000 people lIve
m tlus region, although the populahon swells m the ftshmg season Commurnhes
on KodIak Island are accessIble by aIr and sea Apprmomately 140 mIles of state
roads connect commurnhes on the east SIde of the ISland

The economy of the archIpelago depends heavily on commercIal fIShmg 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 fIshmg KodIak Island IS also home to a commercIal rocket-launch
facility that held Its frrst successful launch m 1999 The US Coast Guard Stahon
near KodIak IS a major lando\'Vl1er and employer

\ !
"-.../
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2 1.4 Alaska Penmsula
l
~

The Alaska Perunsula IS on the western edge of the northern GOA FIve
commurutIes on the south sIde of the Alaska Penmsula he wIthIn the area affected
by the EVOS Clugruk, Clugruk Lagoon, Clugruk Lake, Ivanof Bay, and Perryville
The population of the area IS about 450 year-round resIdents, but doubles dunng
the fISlung season All fIve commurutIes are accessIble by aIr and sea The cash
economy of the area depends on the success of the fISlung fleets

Clugruk and Clugruk Lagoon serve as regional salmon-fIslung centers, and
Dutch Harbor, southwest of Perryville and outsIde the spill area, IS a major center
for crab and other marme fIShenes In addItion to salmon and salmon roe, fISh
processmg plants m Clugruk produce herrmg roe, halIbut, cod, and crab About
half the pennanent population of these commurutIes IS Alaska Native SubsIStence
on fISh and canbou IS Important to the people who hve m Clugruk and Clugruk
Lagoon

Clugruk Lake, Ivanof Bay, and Perryville are predommantly Alaska Native
villages and mamtam a subsIStence lIfestyle, relymg on salmon, trout, marme fISh
and shellfISh, crab, clams, moose, canbou, and bear CommerCIal fISlung prOVIdes
cash mcome Many resIdents leave durmg summer months to fISh from Clugruk
Lagoon or work at the fISh processors m Clugruk

2.1 5 win add section on Anchorage Basm and how It affects other
parts of region

2.2 1 Commercial Flshmg2.2 DeSCription of
Human ActiVities CommerCIal fISlung IS by far the predommant

human activIty m the northern GOA and IS
thought at tlus tIme to have the potential for the

most sigrufIcant Impacts on the GOA ecosystem WIthIn the GOA, the major
commerCIal fIShenes are salmon, PacIfIc hernng, pollock, cod, hahbut, and
shellfISh For the 2000 fISlung season, WIthIn state waters, the total gross earmngs

'for the GOA fISlung activIty were estImated to be about $127 5 millIon
ApproXImately 200 people fIShed, usmg a total of 2,900 permIts (Note more
Information IS needed m tlus paragraph)

The penod before the 1989 011 spill was a tIme of relative prospenty for many
commercIal fIShermen Smce 1989, these drastic changes have occurred m the
commercIal fislung mdustry

• Low pnces have reduced the value of the pInk and sockeye salmon
fIShenes

• Sharp dechnes m herrmg populations m PWS, pOSSIbly caused by dISease
related to the EVOS, have resulted m closures that have devastated the
fIShery
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• The hsbng of the Steller sea hon under the federal Endangered SpecIes Act
has resulted m restnctIons on groundnsh fIshenes

• GOA crab stocks have conbnued theIr plummet

A major ecologIcal concern WIth all types of removals by fIshmg actIvItIes IS the
sustamabIhty of fIsh stocks, whIch could be affected by drrected nshenes or as a
result of dIScarded bycatch mother fIshenes and hIgh seas mterceptIon
OverfIshmg could lead to stock depletIon The predommant fIshery stocks
hIStoncally fluctuate because of natural vanabIhty and chmate cycles SettIng
harvest rates WIthout a complete understandmg of those fluctuatIons could lead to
unmtentIonal overharvest, resulbng m populatIon declInes that could take years to
rebound

Another ecolOgIcal concern WIth all types of fIshmg IS the removal of marme
nutnents (mtrates, phosphates, Iron) that are key to sustammg the long-tenn
productIVIty of watersheds (Fmney et al 2000) FIShmg for a dommant
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 marme nutrIents When combmed WIth the loss of
nutrIents asSOCIated WIth development of nparlan (nver and other waterfront)
habItats and wetlands, the loss of manne nutrIents may contnbute to the process
known as ohgotrophIcatIon or "starvatIon" of the watershed Unfortunately, not
enough momtonng data on marme nutnents m tnbutanes of the GOA IS available
to understand the degree to whIch ohgotrophIcatIon IS occurrmg

A thrrd ecolOgIcal concern WIth fIshmg IS the potentIal for degradatIon of
habItats, and attendant losses of unmtended speCIes Sport-fIshmg actIVItIes m
watersheds have substantIally degraded some npanan habItats m Southcentral
Alaska, resulbng m lost vegetatIon, lost fIsh habItat, and siltatIon VarIous types of
marme fIshmg methods and gear, such as pots and hard-on-bottom trawls (baghke
nets), also have the potentIal for degradmg sea-bottom habItat and reducmg
populatIons of sedentary specIes such as corals and seaweeds

More mformatlon on how to
define CritIcal marine habItats

IS essential to balancmg
fishmg opportunttles and

protedlon ofhabItat

\ J
~

ProtectIon has already been afforded to marme
habItats m some cases by exdudmg gear types that are
thought to be mJUI'lous to habItat For example, the
eastern GOA IS now closed to trawlIng and dredgtng m
part to protect coral habItats from pOSSIble trawlmg
Impacts In addItIon there are numerous trawl-and
dredge closure areas near KodIak Island, the Alaska
Penmsula, and the AleutIan Islands Areas where manne mammals feed and that
are adjacent to theIr haul-out areas also have been closed to commerCIal fIShmg m
parts of the Benng Sea, AleutIan Islands, and GOA GIven the amount of marme
habItats already subject to closure, more InfonnatIon on how to defme cntIcal
marme habItats, a pOSSIble role for GEM, IS essentIal to balancmg fIshmg
opportunItIes and protectIon of habItat (Need to add Impacts of drIft nets )
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CommercIal fIshIng also has the potentIal to affect other elements of the manne
ecosystem, such as brrd and marme mammal populatIons Effects result eIther
drrectly, through entanglement m fIshIng nets or dISturbance to haul-outs and
rookenes, or mdrrectly, through Impacts on food supphes A recent NatIonal
Manne FIShenes ServIce (NMFS) BIOlOgIcal OpmIOn concludes that lack of food IS
the reason why the endangered Steller sea hon IS not recovenng from senous
dechnes m the GOA and Benng Sea On the basIS of thIs opmIOn, NMFS has
severely hmIted fuced-gear and trawl fIshIng for several groundfIsh speCIes, a major
food source for the Steller sea hon

Salmon fIshenes m the GOA are notable because hatchenes produce the
maJonty of some salmon specIes m some areas and, m specIfIc fIshenes, the
maJonty of salmon harvested BillIons ofJuverule salmon are released annually
from hatchenes m three areas WIthm the northern GOA Cook Inlet, KodIak, and
PWS WIthm thIs regIon, 56% of the salmon m the tradItIonal commerCIal harvest

were of hatchery ongm m 1999 The percentage IS hIgher If
cost-recovery fIshenes are also mcluded In PWS m
partIcular, hatchery productIon provIdes a maJonty of the
pmk and chum salmon harvested and a substantIal fractIon
of the sockeye and coho salmon harvested In 1999,
hatchery pmk salmon contnbuted 84% of the number of
pmk salmon harvested by commerCIal fIShenes m PWS

EcolOgIcal concerns related to hatchenes mclude reduced productIon of wIld
fIsh because of competItIon between hatchery and wIld salmon dunng all stages of
the hfe cycle, loss of genetIc dIverSIty m wIld salmon, and overharvest of wIld
salmon dunng harvest operatIons targetIng hatchery salmon InformatIon on the
mteractIons between hatchery and wIld fIsh m specIfIc locatIons, and on the Impact
of salmon produced m hatchenes m both AsIa and North Amenca on food webs m
the GOA, appears to be essentIal to long-tenn fIshery management programs

2.2 2 Recreation and TOUrism

Major recreatIonal and tOUrISt attractIons wIthm the spill area mclude Portage
GlaCIer, KenaI Fjords NatIonal Park, ColumbIa GlaCIer, Kachemak Bay, and KatInaI
NatIonal Park World-class salmon fIshIng attracts reSIdents and VISItors alIke to
the KenaI RIver, the RUSSIan RIver, and other nvers on the KenaI Penmsula
Charter hahbut fIshIng IS an Important and growmg recreatIonal actIVIty, especIally
for Seward and Homer More than 500 vessels are actIve m thIs mdustry
Campmg, hIkmg, kayakmg, and wIldhfe vIewmg attract VISItorS to the KodIak
Island NatIonal WIldhfe Refuge, the Chugach NatIonal Forest, and numerous state
and federal park uruts and refuges WIthm the spill area

Growth of the Alaska populatIon and mcreases m nonreSIdent VISItatIon to
Alaska will mcrease the potentIal Impacts 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 thIs penod
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CrUlse slup trafftc to the state has been mcreasmg by more than 10% a year,
L although the rate may be slowmg somewhat

Increased tOUrIsm and recreatIonal use could result m a vanety of Impacts on
manne fish and wudhfe and theIr habItats Sport fIshmg could contnbute to
locahzed depletIon of fish stocks, as well as degradatIon of streambank habItat m
watersheds Increased recreatIonal boat trafftc can dtsturb wudltfe on theIr
rookenes and haul-outs, as well as mcrease ou and gas resIdue m harbors and
adjacent waters Crmse slups often carry more people than populate many Alaska
towns, and cause concerns about theIr dISPOSal of garbage and other waste, Impacts
on arr quahty, and potentIal for dIesel fuel spills The growmg use of Jet skIS for
recreatIonal use and theIr potentIal for dtsturbmg nestIng waterfowl has led to a Jet
skI ban m Kachemak Bay by the Alaska Department of FISh and Game (ADF&G)
Increased luktng and campmg on coastal areas and rIverbanks can lead to
tramplmg, eroSIon, and related Impacts on local water quahty The Wluther road,
opened m 2000, IS expected to mcrease VISItatIon to northwestern PWS, WIth
potentIal Impacts to shorelmes, tIdelands, and nearshore waters, as well as the fish
and wudltfe populatIons that rely on these habItats

223 Oil and Gas Development

The ou and gas mdustry IS a major econoffilc force m PWS and Cook Inlet
Crude ou pumped from ftelds on the North Slope IS transported by pIpelme to
Valdez, where It IS loaded onto tankers and slupped to the lower 48 states Tankers
traverse PWS on the Journey south The number of tanker voyages from the Port of
Valdez has declmed from 640 m 1995 to 411 m 1999, because of the sharp reductIon
m North Slope crude ou productIon Any addItIonal North Slope development
could mcrease tanker trafftc

DIScovered m 1957, the Swanson RIver otlfteld m the KenaI NatIonal Wudltfe
Refuge IS the SIte of the frrst commerCIal ou development m Alaska Much of the
ou and gas development m the Cook Inlet area occurs on offshore platforms
Underwater pIpelmes transport product to termtnals on both SIdes of Cook Inlet
Tankers slup crude ou and reftned product to the lower 48 states

In Aprtl1999, the State of Alaska offered for lease all available state-owned
acreage (approxImately 2 8 mtlhon acres) m Its frrst Cook Inlet AreaWIde 0t1 and
Gas Lease Sale As a result of the frrst sale, ou and gas leases have been Issued on
about 115,000 acres of land Sales m August 2000 and May 2001 resulted m the
lease of about 205,000 acres of land AddItIonal sales are planned m 2002 and 2003

The major concerns about ou and gas development mclude the potentIal for ou
spills from vessel trafftc, as happened dunng the 1989 EVOS, as well as small,
chromc spills, pIpelme corrOSIOn and subsequent leaks, dISposal of drillmg wastes
and potentIal Impact on water quahty, and the mtroductIon of exotIc speCIes from
ballast waters In 1995, local conservatIon groups negotIated a settlement WIth
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Cook Inlet otl and gas producers for more than 4,000 vlOlahons of the federal Oean
Water Act m Cook Inlet

The State of Alaska ISsues pernuts and leases that sopulate SIte- and acovIty
specrfJ.c ffilogaoon measures, and proVIde for momtormg of produchon, transport,
and exploratory aCOVIoes on state land and waters (The Mmerals Management
ServIce IS responsIble for comparable federal regulaoon of offshore development
under the Outer Conbnental Shelf Act) For aCOVIoes WIthm federal JurisdIcoon,
the Naoonal EnvIronmental Protecoon Act provIdes for analysIS of enVIronmental
otl and gas development Impacts All otl producers, shIppers, and refInenes are
reqUIred to have approved conbngency plans detatlmg response capabilioes and
specrfJ.c response acoons m the event of a spill In addioon, the Otl Polluoon Act of
1990 created the regional CItIzens advISOry groups to oversee otl and gas aCOVIoes
m PWS and Cook Inlet

22.4 SubSistence Harvest

FIfteen predOmInantly Alaska Nahve commumoes m the GEM region, WIth a
total populaoon of about 2,200 people, rely heavtly on harvests of subsIStence
resources such as fIsh, shellftsh, seals, deer, and waterfowl SubsIStence harvests m
1998 vaned among commumoes from 250 to 500 poutlds per person, mdicabng
strong dependence on subsIStence resources SubSIStence acoVIhes also support the
culture and tradioons of these commumoes Many families mother commumoes
also rely on the subsIStence resources of the spill area

SubsIStence use IS a form of resource explO1taoon and must be consIdered as a
factor potenhally affecbng resource abundance and dtstnbuhon It IS momtored
under state and federal authonoes SubSIStence harvest of manne mammals IS
probably of greatest concern because marme mammals are an Important
component of subsIStence dIets m the GEM region and because subSIStence
harvests are the only legal take of manne mammals, have no regulatory
restncoons, and may affect speCIes WIth small populaoons

2 2 5 Timber Harvest

No major hmber operaoons are currently occurnng m PWS, but loggmg
conbnues on Mognak Island m the KodIak archIpelago and small-scale hmber
operaoons are planned for parts of the KenaI Penmsula Of the three major loggmg
operators on Mognak Island, only Mognak Naove Corporaoon IS sb.11loggmg m a
major way, With 30 mtllIon board feet m 2000 and another 30 mtllIon board feet
planned for 2001 Poor lumber markets, mcreased compeooon, and a dwmdlmg
hmber supply have allIed to decreased loggmg achvioes on Mognak Loggmg
operaoons on Port Graham Corporaoon lands on the southern KenaI Penmsula
have concluded, but some loggmg may take place on Nahve allotments near Port
Graham On the Alaska Penmsula, NImlchIk Naove Corporaoon and Cook Inlet
Region Inc are preparmg a major loggmg operaoon to begm m 2001 on the
Crescent RIver, a major salmon producer m Cook Inlet

14 VOLUME I, CHAPTER 2



---------------- - - ----

GULF ECOSYSTEM MONITORING AND RESEAROi PLAN

The State of Alaska has a fIve-year Schedule of TImber Sales for the KenaI
~"-_--" Perunsula and KodIak area from 2000 through 2004 One sIgruflcant factor affecbng

forest plannmg m the KenaI area IS a major epIdemIc of the spruce bark beetle The
proposed tImber sales are deSIgned to use dead and dymg tImber or to harvest
tImber WIth a hIgh lIkelIhood of mfestahon m the next few years Durmg tlus 5
year penod, the state plans to hold 31 tImber sales on about 23,000 acres of state
land on the KenaI Perunsula Harvest from these lands IS eshmated to be
115 millIon board feet of spruce and hemlock and 410,000 CUbIC board feet of brrch,
cottonwood, and aspen In 1999 m the Moose Pass area, one sale that totaled 153
acres occurred In December 2000, three tracts m the NmIlchIkjOam Gulch area,
totalmg 1,604 acres, were re-offered, however, no bIds were receIved

Concerns about loggmg mclude water qualIty effects, long-term effects on the
marme system of bark from log transfer facmhes, and Impacts on anadromous
streams from slltahon and habItat destruchon The Alaska Deparhnent of
Envrronmental Conservahon (ADEC) reported that 24% of the water bodIes on the
state's lISt of polluted SIteS are due to some aspect of loggmg (ADEC 2000, ADEC
et al 2001) A sIgm&cant ISsue related to loggmg IS the mcreased access to
prevIously remote lands provIded by loggmg roads Loggmg operahons on the
KenaI Perunsula alone have added more than 3,000 mIles of roads m the regIOn
ThIs mcreased access has encouraged all-terraIn vehIcle use m senslhve habItats,
such as the headwaters of salmon streams

\
'-.-/ 22.6 Other Industrial ActiVity

Large spills lIke the EVOS are rare More common are smaller dIscharges of
refIned Oll products, crude Oll, and hazardous substances Small spills have been
caused by a vanety of mdustnes, such as Oll and gas, tImber, fIShmg, and seafood
processmg mdustnes, as well as small commerCIal establIShments such as gas
stahons and dry cleaners

Under state law, the release of hazardous substances and Oll must be reported
to ADEC In 1998 and 1999,1,325 spills were reported m the EVOS regIOn,
resulbng m a total dIScharge of 218,000 gallons of refIned Oll products, crude Oll
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 m the Cook Inlet regIon Most spills (87%)
mvolved refIned Oll products, these spills accounted for about 90% of the total
volume dIScharged Only 6,000 gallons of crude Oll were reported spilled m the
regIon from 1998 to 1999 (ADEC 2001)

FIgures reported to ADEC mclude spills onshore as well as dIScharges mto the
marme enVIronment The effects of these small spills depend on such vanable
factors as the volume of the dIscharge, Its tOXICIty and perSIStence m the
envIronment, the tIme of year the spill occurred and the sIgm&cance of the affected
enVIronment m the lIfe hIStory of specIes of concern
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2.2.7 Road Bulldmg and Urbanization

Commuruty growth and urbaruzabon often go hand m hand With loss of water
quahty and :&shenes habitat The greatest concentrabon of roads, subdlV1S10ns, and
other aspects of mcreased urbaruzabon affeCbng the GEM region are wlthm the
MuruClpahty of Anchorage and on the west Side of the Kenai Penmsula In
Anchorage (need more mformabon) In 1999, the KenaI Pemnsula Borough
approved plats for 250 subdIvlSIOns Most of the subdivIsIOns were small, but a
few were 40 acres or more The borough recently 1ll1bated a road-penmttmg
program that will address placement and design of new roads

Conbnued expansIOn of urban areas and resulbng expansIOn of suburban
zones mevltably degrade habitat Changes m land surfaces can change entrre
hydrologic SYStelllS and add to water pollubon problelllS Urban growth leads to
mcreasmg dlSPOSal of human wastes Even treated wastes may lead to changes m
speCles composlbon and producbvlty m watersheds, estuanes, and nearshore
areas

Increased areas of lffipervlOUS surfaces through new roads and subdlVlSIOns
usually mcrease stormwater runoff Stormwater runoff 18 the largest smgle source
of pollubon m Alaska and 18 caused by runoff and erosIOn from pavement, parkIng
lots and dItches, commercial and resldenbal construcbon, and sepbc SYStelllS
Thrrty-elght percent of the SiteS on a 1998 state llSt of polluted water are affected by
such commuruty runoff The pollutants mclude chellllcals, bactena, and excess soli

Increased stormwater runoff tends to lower base flows m strealllS and mcrease
peak flows Stream macromvertebrates (large alllffials that lack backbones) and
:&sh populabons are senslbve to these changes As part of Its stormwater discharge
penmt through ADEC, the MuruClpahty of Anchorage 18 mappmg the lffipervlOUS
surfaces Wlthm Its area and studymg the response of stream macromvertebrates
Under a US Envrronmental Protecbon Agency (EPA) 319 grant from ADEC, the
U S States Department of Agnculture Cooperabve ExtensIOn Service 18 also
studymg the effects of lffipervlOuS surfaces A pliot project 18 planned for the
Anchorage area, and 1f successful, the methodology may be apphed to other areas
m the future

Increased urbaruzabon also results m fillmg wetlands, wmch play an lffipOrtant
ecolOgical role m flltrabon for water quahty and stormwater protecbon The

MuruClpallty of Anchorage has a wetlands plan, With
mgh- and low-value wetlands ldenbfled There 18 no plan
dehneabng the extent of wetlands and analyzmg therr
funmon and values for the rest of the region, however

Human access to strealllS mcreases as the number of
ml1es of road mcreases Tramphng of stream banks,

changes m stream conbgurabon created by culvertmg of roads, reducbon m
npanan zone vegetabon, and a mulbtude of other problelllS created by road
bulidmg and access lead to aquabc habitat degradabon and loss of basiC
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producbvlty Increased human access to small nvers and streams contamIng
relatIvely large anImals such as salmon and nver otters also usually leads to loss of
aquatIc specIes through illegal takmg, despIte the best efforts of law enforcement
Indeed, lmutatIons m budgets usually lead resource management and protectIon
agenCIes to focus scarce resources on sensItIve areas dunng cntIcal seasons, leavmg
degradatIon to take Its course m less sensItIve locatIons

2 2 8 Contammants and Food Safety

The presence of mdustnal and agncultural contamInants m aquatIc
enVIronments has resulted m worldWide concerns about potentIal effects on marme
orgamsms and on human consumers PolyaromatIc hydrocarbons (PAHs),
polychlonnated bIphenyls (PCBs), and organochlorme pestICIdes, such as
dichlorodIphenyltnch1oroethane (DD1) and Its denvatIves, are dlstnbuted around
the world m marme and coastal waters and m the nvers and watersheds that feed
fresh water mto these enVIronments Such pollutants can be transported great
distances by wmds and ocean currents followmg theIr releases from mdustnal and
agncultural sources, most of them far from Alaska In addItIon, mercury and other
metals, such as morgaruc arseruc, cadmIum, and seleruum, are naturally present m
the enVIronment at low concentratIons, but man-made sources can contnbute
addItIonal quantItIes to the envIronment

The remoteness of the northern GOA from centers of mdustry and human
\. .J populatIon rrught be expected to protect much of thIs regIOn from depOSItIon of

envIronmental contamInants Nonetheless, there IS 11ffi1ted eVIdence suggestIng
WIde geographIc dIstnbutIon of perSIStent organochlonnes (DDT,
dIchlorodIphenyldlch1oroethylene [DDE], PCB), other orgaruc pollutants and heavy
metals m the ArctIc, Subarcbc, and areas adjacent to the GOA (Crane and Galasso
1999) For example, measurable amounts of organochlonnes have been found m
precIpItatIon, and fIShes of the Copper River Delta, a tnbutary of the GOA that
forms the eastern boundary of PWS (Ewald et al 1998)

A vanety of geophySIcal pathways bnng these matenals mto the GOA,
mc1udmg ocean currents and prevaIlmg wmds In partIcular, the prevaIlmg
atlnosphenc CIrculatIon patterns transfer vanous matenals as aerosols from Asia to
the east across the North PacIfIc (pahlowand RIebse1l2000) where they enter the
marme enVIronment m the form of ram Some of these contamInants, such as PCBs
and DDT, can blOaccumulate m hvmg marme orgamsms For example, research
samphng of transIent killer whales that had eaten marme mammals m PWS
mdlcated concentratIons of PCBs and DDT denvatIves that are many tImes hIgher
than those concentratIons found m fISh-eatIng reSIdent whales The sources of
these contamInants are not specIfIcally known Ithas been estabhshed, however,
that these contamInants are passed from nursmg female killer whales to theIr
calves

There IS also concern about the potentIal effects of contarrunants on people,
especrally those who consume fISh and shellfIsh, waterfowl, and marme mammals
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At lugher levels of exposure, many of the cherrucals noted above can cause adverse
effects m people, such as the suppressIon of the Irrunune system caused by PCBs

The State of Alaska does not momtor enVIronmental pollutants m the marme
enVIronment or m marme orgamsms on a regular basIS There IS no ongomg
program for samplmg food safety m SubSIStence resources m coastal commumhes,
although the oil spill prOVIded the opportunIty to sample SubSIStence resources for
hydrocarbons m the affected areas from 1989 through 1994 Federal fundmg for a
Jomt federal-state-Nahve rruhahve has been requested from Congress NOAA has
annually measured cherrucals m mollusks and sedlIDents smce 1984 The agency
also has momtored cherrucal concentrahon m the lIvers of bottom-dwellmg fIsh and
m sedlIDents at the SIteS of fIsh capture smce 1984 The Prmce WIlham Sound
RegIOnal CIhzens AdvISOry Council has measured hydrocarbon concentrahons and
sources Withm areas of PWS and the GOA ThIS program focuses on samplmg of
mterhdal mussels and nearby sedIIDents

2 2 9 Global Warmmg

Although doven by forces outsIde the control of Alaska's natural resource
managers, global warmmg IS an essenhal conslderahon for development and
lIDplementahon of the GEM program The earth's chmate IS predIcted to change
because human achvIhes-the combushon of fossil fuels and mcreased agnculture,
deforestahon, landfIlls, mdustnal prodUchon, and rrumng-are altermg the cherrucal
composihon of the atmosphere through the buildup of greenhouse gases These
gases are pnmarIly carbon dIOXIde, methane, and mtrous OXide TheIr 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 Precrpitahon has mcreased by about 1% over
the world's conhnents m the last century, WIth lugh-Iahtude areas tendmg to see
more sIgmfIcant mcreases m ramfall and rISmg sea levels ThIS mcrease IS
COnsIStent WIth observahons that mmcate the northern GOA seasurface
temperature has mcreased by 0 5° C smce 1940, and that precipitahon m Alaska
(excludmg the panhandle) mcreased 11%from 1950 through 1990

Increasmg concentrahons of greenhouse gases are lIkely to accelerate the rate of
clImate change The changes seen m the northern GOA and theIr relahonslup to
other warmmg and coolIng cycles m the North PacrfIc and the combmed effects on
global clImate are lIDpOrtant 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 wluch harvest restramts may be effechve
m establIshmg or altermg trends m abundance of explOIted speCIes can only be
understood Withm the context of clImate change
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\. 3. INFORMATION NEEDS

In ThIs Chapter

~ Summary of general gaps m marme SCIence

~ DefmIbon of the central quesbon m terms of the four mam habItat types
mtegral to the GEM program

~ Starbng pomts for development of mformabon needs for each habItat type

AppendIx C summanzes the database of current
3.1 Introduction and lustoncal 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 11gap analysIS" of mformabon needed to answer the key
quesbons of the conceptual foundabon descnbed m Volume II, Chapter 4 Those
quesbons are deSIgned to promote better understandmg of the ongms and brne
space scales of vanabillty m marme producbon and fluctuabons of key marme
related specIes m the GEM regIOn The quesbons, and mformabon needed to
answer them, are sbll very broad To prOVIde a more meanmgful gap analySIS, the
key quesbons have been further expanded mto mulbple specmc quesbons for each
of the four representabve habItat types watersheds, mterbdal-subbdal, Alaska
Coastal Current (ACC), and offshore The SpeCIfIC quesbons are then followed by a
descnpbon of the mforrnabon needed to answer them Cnbcal ecolOgical processes
are also suggested for each habItat type to proVide further context for the spec1ftc
quesbons and mformabon needs Together, these mformabon needs will form the
starbng pomt for deve10pmg specmc hypotheses and desIgmng the momtormg and
research components necessary to test them as descnbed m Chapter 5 (Volume I)

The reader IS adVISed to consIder the quesbons and mforrnabon needs below as
the starbng pomts for the process of lffiplementabon All concepts for specmc
mformabon needs are subject to further development through the SCIentIfIC
advISOry process descnbed m Chapter 6 (Volume I) The adVISOry process IS
expected to mc1ude workshops and other meebngs to gather the adVice of experts
m SCIence, publIc polIcy, management, and user group concerns Opportumbes for
data acqUlSIbon and partnershIps are dIScussed m Chapter 5 (Volume I)

31.1 General InformatIOn Gaps 10 MarlOe SCience

Relabvely lIttle mformabon has been gathered for specIes of plants and anlIllals
that are phySICally small and UDSmtable for commerce and SubSIStence (see
AppendIx C) Consequently, substanbal mformabon gaps still eXISt for the basIC
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ltfe lustones and bIology of broad assemblages of specIes and commumtIes that are
outsIde the realm of human trade The rule of thumb IS that the amount of
scIentIfIc mformatIon avaIlable IS mverse1y proportIonal to the remammg energy
and bIOmasS at each tropluc level (Need xc ftgure here) An especrally large gap
eXISts for basIC mfonnatIon on zooplankton specres and bentluc mvertebrates that
provIde a VItal1mk between pnmary producers and fISh, bIrds, and mammals that
constItute the hIgher trophIc levels AddItIonally, how natural forces and human
actIVitIes control productIvitIes of valued hvmg marme resources IS stIll poorly
understood, although mfonnatIon on the natural forces of chmate and phYSICal
oceanography IS steadily mcreasmg pnrrianIy through satellite telemetry

3 1 2 Representative Habitat Types

Four habItat types, representatIve of the GEM regIOn, are used to better
organIZe the GEM program watersheds, the mtertIdal-subtIdal areas, the ACC,
and the offshore areas (the contInental shelf break and the Alaska Gyre) These
habItats are composed of IdentIfIable, although not ngId, collectIons of
characterIStIc mICrohabItats, resIdent and mIgratory specres, and phYSICal features
The phYSICal locatIons are descnbed below

• Watersheds-freshwater and terrestrIal habItats from the mountaIns to the
extent of the nvers' plumes,

• IntertIdal-subtIdal areas-brackISh and salt-water coastal habItats that
extend offshore to the ZD-m depth contour,

•

•

ACC-a swIft coastal current of lower salmItIes (25 to 31 psu) typICally
found Wlthm 35 km of the shore, and

Offshore-the contInental shelf break (between the ZOD-m and 1,OOD-m depth
contour) and the Alaska Gyre m waters outsIde the 1,OOD-m depth contour

22

3 1.3 The Central Question by Habitat Types

The central questIon (Chapter 4, Volume II) seeks fundamental understandmg
of the degree to whIch changes m productIon of plants and anImals m the four
habItat types of GEM are controlled by natural envIronmental forces as opposed to
human actIVItIes

What are the relatIve roles ofnatural forces and human acttmtles,
as dIstant and local factors, In causing short-term and long-lasting
fluctuatIons changes In the bIOlogIcal commUnttles that support
bIrds, f'sh, shellfISh, and mammals In the four key habItats of the
GOA?

To IdentIfy the mfonnatIon needed m each habItat type, the central questIon IS

adapted to the habItat'S CIrcumstances m the followmg sectIons InfonnatIon needs
are IdentIfIed as the answers to specIfIc forms of the central questIon for each
habItat type
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3.2.1 General Watershed
Information Needs

The key quesbon for watershed habItats IS

What are the relattve roles ofnatural forces, such as cltmate, and
human achvtttes, such as habttat degradatton andfishtng, as
dzstant and local factors, tn caustng short-term and long- lasttng
changes tn manne-related btologtcal productwn tn watersheds?

Long-term momtonng of manne-related produchvity m watersheds IS needed
before the long-term effects of human achVIbes and other natural forces on
produchvity can be understood Current momtonng achVIbes and hIStoncal
records make It pOSSIble to detect changes m produchvIty of promment specIes
WIthm watersheds that are subject to relabvely hIgh levels of human achVIbes, such
as the KenaI RIVer Understandmg the causes of changes IS not possIble, however,
because a lack of basIC measurements prevents separahng the effects of changes m
manne produchvIty from the effects of other factors such as human acb.vIbes and
natural bIOlOgIcal and geolOgIcal forces EVIdence of the sIgrnhcant role of manne
nutnents m determmmg the producb.vIty of watersheds IS growmg, however,
momtonng of these lmkages m the northern GOA IS noneXIStent to weak, based on
the mformabon gathenng projects descnbed m the database (see AppendIX C)
Measurements of certam kmds of human achVIhes such as land development and
fIShmg m watersheds are WIdely avaIlable, but the actual Impacts of these achvIbes
on produchon of natural resources are less certam Cumulahve Impacts such as
accumulabon of perSIStent contammants may be of mterest at some pomt m the
future as they relate to control of plant and anImal produchon

In addIhon, although there IS substanbal eVIdence of the potenhal role of the
lillCfonutnent rron m controllmg manne producb.vIty, the degree to whIch
watersheds may be contrIbuhng rron to marme food webs m the GOA IS not bemg
measured The nature of flows of marme nutnents mto watersheds, and the flow
and dIStnbubon of freshwater lillcronutnents (such as rron), and carbon from the
watersheds mto the manne enVIronments remam poorly understood m the GOA
FIllmg watershed mformabon gaps would address long-term queshons about how
the transport of manne nutnents, terrestnallillCfonutnents, carbon, and fresh
water contnbute to changes m produchvity and commumty structure m
watersheds and the marme enVIronment

3 2 2 SpecifiC Watershed Questions and Information Needs

Three specrfIc watershed(W) quesbons and the related mformabon needs are
presented below

W-l What are levels of manne-related nutnents m watersheds and how do the
annual mputs of manne nutnents vary?
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SpeClfic InJormatlOn Needs Levels of mtrogen-stable ISotOpeS m freshwater
plants and ammals, and feasIbility of studymg sources of precursors of reduced
uon m watersheds WIth marme access

W-2 What IS the annual vanabthty m prectpltanon and runoff m Alaska
watersheds bordermg the northern GOA? (Same quesnon apphes to mterhdal
subttdal and ACC habItats )

SpeClfic Informatzon Needs Annual prectpltatton and runoff for all watersheds
flowmg mto the northern GOA In some cases, where gaps eXISt, It may be pOSSIble
to use marme salmtty data to supplement preclpltatton and stream flow measures
m estlmatlng total freshwater run off from land to the GOA Input of the amount
of fresh water entermg the GOA from northern Bnttsh ColumbIa and Southeast
Alaska would also be needed to use marme salmtty as a proxy for freshwater
runoff

W-3 What are the levels of persIStent contammants entermg and leavmg
watersheds along marme-related pathways?

SpeClfic Informatzon Needs Levels of persIStent orgamc pollutants such as PCBs
m anadromous specIes as adult mmugrants and as Juvem1e erntgrants of the
watersheds

3.2 3 Watershed Processes

The watershed processes Idenhfted as of mterest to the GEM program are those
mvolved m hnkages between terrestrIal and marme vanabthty, such as
blOgeocherntcal cycles

3 3 Intertidal and
Subtidal

3.3 1 General Intertidal and Subtidal
Information Needs

The key questton for mterhdal and subttdal
habItats IS

o
24

What are the relattVe roles ofnatural forces, such as currents and
predation, and human actiVIties, such as sedtment and pollutant
dtscharge, as dtstant and local factors, tn causmg short-term and
long-lasting changes m commumty structure and dynamtcS of the
mtertldal and subtidal habttats?

Long-term momtormg IS needed to Identtfy how human acttV1ttes can change
the commumty structure of the mterhdal and subttdal areas Current momtormg
act1vlt1es may make It poSSIble to detect changes m commumty structure that are
the result of a combmanon of human act1vlttes and natural forces m some locahttes,
however, no program now produces the measurements suffiCIent to deterrntne the
extent to whtch such changes are due to human act1vlnes EVIdence of the
mcreasmgly trnportant role of human acttV1nes m changmg the commumty
structure of shallow nearshore envuonments IS growmg, however, momtormg that
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IS structured to separate human and natural effects m areas of growmg human
tmpacts IS sporadtc Momtormg IS needed to measure the natural vanabIhty of the
mtertldal-subhdal areas at places and ttmes that support detecbon of the effects of
human acbvlbes Stmultaneous momtormg of currents and nutnents, bottom
substrates, species composlbon, and other tmportant natural forces m areas With
dtffermg degrees of chromc human acbvlty IS needed Fillmg mtertldal-subbdal
mformabon gaps would begm to address the long-term quesbons of how human
acbvlbes combme With natural forces to cause changes m producbvlty and
commumty structure m mtertldal-subhdal enVlfonments

3.3 2. Specific Intertidal and Subtidal Question and Information
Needs

One specIfIc mtertldal and subbdal (I) quesbon and several related mformabon
needs are presented below

1-1 What IS the vanabIhty of selected plant and antmal populabons m the
mtertldal and subbdal zones?

Spectfic Infonnatzon Needs

G

•

•

•

•

•

•

•

Vanablhty m numbers and dtverslty of fIxed algae and mvertebrates m
several regIOns PWS, Kachemak Bay, and Kodiak Island

Relabve avaIlabIhty of larval dISpersal stages

Measures of the cyclIng of carbon, nutnents, and contammants m key
Species such as Fucus

A detaIled map of mtertldal plant bIOmass durmg the growmg season on a
Wide spabal scale

Momtormg of clam populabons

Measurements of populabon processes of sea otters

IdenbfIcabon and measurement of human tmpacts of concern

3.33 Intertidal and Subtidal Processes

Processes m the mtertldal and subhdal habitat of mterest to the GEM program
relate to varlabIhty m commumty structure and plant biOmass of selected
populabons and processes affeCbng populabons

34 Alaska Coastal
Current

3 4 1 General ACC Information Needs

The key quesbon for ACC habitats IS

o What are the relative roles ofnatural forces, such as the vanabtltty
tn the strength, structure and dynamtcs of the ACC, and human
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acttVltles, such as fIshing and pollutIOn, In causing local and
dIstant changes In productton of phytoplankton, zooplankton,
bIrds, f,sh and mammals?

Long-term momtonng achVlhes to detect seasonal changes m the ACC have
perIUltted a general, large-scale understandmg of crrculahon and lower tropluc
level produchvlty m the ACC, but current momtonng does not perIUlt the changes
m the ACC to be related to the changes m commumty structure or produchvltles m
mterhdal-subhdal areas and watersheds Long-term momtonng 15 needed to
measure the natural seasonal and mterannual vanability of the ACC at locahons
that are bkely to perIUlt evaluahon of these relahonslups Changes m annual
produchon of some fIsh stocks are lughly correlated With phySical changes m the
ACC, but Ideas about the baslS for these apparent relatlons cannot be evaluated
from current momtonng achV1tles Fillmg ACC mformahon gaps would begm to
address the long-term queshons of how human achVlhes combme Wlth the
transport of marme nutnents, terrestnal IDlcronutnents, carbon, and fresh water to
contnbute to changes m prodUct1Vlty and commumty structure m watersheds and
the marme envrronment

3 4 2 Specific ACC Questions and Information Needs

Seven speaf1c ACC (A) queshons and related mformahon needs are presented
below

A-I What 15 the annual vanability of strength, locatlon and dynaIDlcs of the
ACC?

SpeClfic Informatzon Needs Measurements of vanability m temperature and
sa1mlty Wlth depth, on tlme scales of from days to mulhple decades at locahons
sufttcrent to understand seasonal-scale variability at locahhes sufflclently Wldely
dlSpersed to understand large-scale structure, mc1udmg mtruSlOn mto bays

A-2 What 15 the vanability m the supply of deepwater nutnents to the phohc
zone of the ACC and therr concentrahons m that zone on tlme and space scales
appropnate to understandmg annual pnmary produchon?

SpeClfic Informatzon Needs Measurements of, or proporhonal to, macronutnents
and IDlcronutnents at appropnate spahal scales

A-3 What 15 the vanability m chlorophyll a concentrahons and phytoplankton
Species composlhon m the phohc zone of the ACC on tlme and space scales
appropnate to understandmg annual pnmary produchon?

SpeClfic Informatzon Needs

• Chlorophyll a measurements

• Informahon on phytoplankton Species composlhon
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A-4 What IS the vanability of zooplankton bIOmasS and specIes composioon m
the ACC on bme and space scales appropnate to understandmg annual pnmary
and secondary produchon?

Speczfic Infonnatwn Needs Informaoon about zooplankton bIOmass and specIes
composioon

A-5 What IS the vanability m the avaIlability of forage fIsh to higher trophic
levels (bIrds, fIsh, mammals) m the ACC?

Speczfic InfonnatlOn Needs

• Analyses of the dIets of selected higher-trophic-level orgamsms (bIrds,
mammals, large predatory fIsh)

• Analyses of selected higher-trophic-level orgamsms (bIrds, mammals, large
predatory fIsh) for fatty aCId composioon m relaoon to dIet.

A-6 What are the major factors affecbng long-term changes m sea bIrd
populaoons?

Speczfic Infonnatwn Needs Annual colony and chick produchvity counts of
appropnate specIes m selected GOA colomes

See also mformaoon needs for Quesoon A-5 above

A-7 What are the major factors affect1ng long-term changes m harbor seal
populahons?

SpeClfic Infonnatwn Needs

• Annual surveys of molhng populaoon m selected GOA haul-outs

• Fatty aCId profIles of mdIV1dual anImals and scat analysIs surveys m
selected GOA haul-outs

3 4 3 Alaska Coastal Current Processes

Processes m the ACC of mterest to the GEM program relate to vanability m the
current structure and dynamICS, nutnent supply, and selected populahons and
processes affect1ng populaoons

3.5 Offshore: The
Outer Continental Shelf
and Oceanic Waters

3.5 1 General Offshore
Information Needs

The key quesoon for offshore habItats IS

G
What are the relatIve roles ofnatural forces, such as changes m the
strength of the Alaska Current and Alaskan Stream, mtxed layer
depth of the gyre, WInd stress and downwellmg, and human
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actIvItIes, such as polluhon, In determining productIon ofcarbon
and Its shoreward transport?

Long-term mformatlon gathenng IS needed on the effect of the open ocean gyre
on the natural vanability m seasonal and annual produchvity of the conhnental
shelf and ACC Past mformahon gathenng IS suffICIent to suggest that a strong
relahonshIp between gyre and mner waters has eXISted at hmes The gyre
conhnental shelf-ACC relahonshIp appears to be based on movement of nutnents
detntus and plankton Current mformahon gathenng, 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, mterhdal-subhdal areas, or watersheds The same changes m
annual produchon of certaIn fISh stocks that are hIghly correlated WIth phYSIcal
changes m the ACC also appear to be correlated With changes m the gyre, but Ideas
about the apparent relatlons between fISh stocks, the ACC, and the gyre cannot be
evaluated from current mformahon gathenng Fillmg mformatlon gaps on the gyre
would begm to address the long-term queshons of how oceamc produchVlhes and
processes m the GOA may contnbute to changes m produchvity and commumty
structure m watersheds and the manne enVIronment

3.5.2 Specific Offshore Questions and Information Needs

FIve specrfIc offshore (0) queshons and related mformahon needs are
presented below

0-1 What IS the annual vanability m the produchon of zooplankton m the
offshore areas?

Speczfic InformatIOn Needs Abundance of zooplankton on hme and space scales
appropnate to understandmg annual produchon

0-2 How are the supphes of morgamc mtrogen, phosphorus, silicon, and
other nut:qents essenhal for plant growth m the euphohc zone annually mfluenced
by c1Imate-dnven phYSICal mechanISms m the GOA?

Speczfic Informatzon Needs Measurements of morgamc mtrogen, phosphorus,
silicon, and other nutnents on hme and space scales appropnate to understandmg
annual varIability

0-3 What IS the role of the PacIfIc HIgh pressure system m determmmg the
tlmmg and durahon of the movement of dense slope water onto and across the
shelf to renew nutrIents m the coastal bottom waters?

Speczfic Informatzon Needs Synophc mformahon on sea level pressure and
hOrIZontal and verhcal structure of densIty and nutnents on the outer conhnental
shelf and Alaska Gyre m relatlon to the ACC on appropnate hme and space scales

0-4 Is freshwater runoff a source of Iron and silicon that IS Important to
manne produchvity m the offshore and adjacent manne waters?
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Spectfic InJormatwn Needs Levels of bIOlogically avatlable sIhcon and tron from
offshore water m relabon to the ACC on appropnate bme and space scales

0-5 Does tron hmttabon control the specIes and SIZe dtstrtbubon of the
phytoplankton commumbes m the offshore areas?

Spectfic Informahon Needs Levels of bIOlOgically avatlable trqn and specres
composIbon and SIZe dtstrtbubon of the phytoplankton commumbes from offshore
water on appropnate bme and space scales

3.53 Offshore Processes

Processes of mterest to the GEM program m the offshore habItat are varIability
m the strength and locabon of the Alaska Current and Alaskan Stream, gyre
acb.vIty, and pnmary and secondary producbon
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4.1 Program
Components

"-- 4. PROGRAM COMPONENTS AND STRATEGIES

In Thts Chapter

~ Relabonslups and funcbons of tools for Implemenbng the GEM program

~ Strategtes for program Implementabon

~ The ongomg role of gap analysIS

r
Synthesls,research, momtormg, modelmg, and
data management and mformabon transfer are the
tools to be used m Implemenbng the GEM
program These tools are conunon to most

programs for assessment of hvmg marme resources (Myers et al 2000) For
orgaruzabonal purposes, retrospecbve analySIS and process studIes are treated as
forms of research As a conunon toolset for momtormg and research, the
components are closely related, and theIr funcbons sometImes overlap

C 4 11 SyntheSIS
The starbng pomt for developmg the GEM program IS synthesIS, because all

good SCIence ultImately mvolves SynthesIS Tn the words of bIolOgISt, E 0 Wilson
(1998)

We are drowrung m mformabon while starvmg for WISdom The
world henceforth will be run by synthesIZers, people able to put ~

together the nght mformabon, tlunk cnbcally about It, and make
Important chOIces WISely

SynthesIS builds on and updates current understandmg of the northern GOA
It brmgs together eXlSbng data from any number of dISClphnes, bIDes, and regtons
to evaluate dIfferent aspects of the GEM program central hypothesIS, key quesbons,
and related Ideas SynthesIS has three broad uses FIrst, It IS used to proVIde
drrecbon for developmg hypotheses to be tested and, combmed WIth research and
momtormg, to update and refme the conceptual foundabon Second, It IS used as a
tool-for example, m workshops, meebngs, or pubhcabons-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 apphcabons of eXlSbng mformabon or
by IdentIfymg opportumbes to solve eXISbng problems through collecbon of new
mformabon SynthesIS IS a logtcal place to begm the cycle of momtonng and
research, but once used to lllibate a project or component, It logtcally becomes a
companIOn to research
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For the purposes of the GEM program, synthesIS IS defIned separately from
research and from retrospectIve analySIS, a form of research SynthesIS dIffers from
research m the reqwrement that synthesIS be mterdlSCIplmary or concerned WIth
mulbple habItat types, or both SynthesIS bnngs together eXlSbng data from any
number of dlScIplmes, bIDes, and regIOns to evaluate the central hypothesIS, key
quesbons, specIfIc quesbons, and related Ideas and IS usually supported by vanous
forms of retrospecbve analySIS (dlSCUssed below) The results of syntheSIS and
research are often used together to solve problems

4 1 2 Research

Research collects relabvely short bIDe senes of observabons to evaluate some
specrfIc aspect of the momtonng program or some testable hypothesIS relabng to
the central hypothesIS WIth fIxed hmIts on project durabon Itmay buIld on or use
eXlSbng data and It may also bUIld models Tesbng current understandmgs
through research proVIdes the basIS for makmg changes to the momtonng program
and asSOCIated components such as modelmg, data management, and mformabon
transfer

Retrospechve analyszs IS a speCIalIZed fonn of research that uses eXISbng bIDe
senes data to evaluate a testable hypothesIS or other quesbon of slIDllar SpeCIfICIty
relabng to momtonng, often supported by stabsbcal modelmg Retrospecbve
analySIS contnbutes to bUIldmg numencal models and to synthesIS

Research, m the form of process studzes, plays a VItal role m movmg beyond the
correlabve relabonshIps that arISe from the momtonng efforts to understand the
underlymg mechamsms Process studIes develop mformabon on the mechamsms
through whIch energy and matter are transferred across varymg scales of bIDe and
space ThIs cnbcal deeper understandmg IS essenbal to prOVIde a framework and
substance for the numencal modelmg and synthesIS Large-scale process studIes
may encompass ecosystem-level processes occurrmg across mulbple trophIc levels,
water masses, and habItat types, whereas small-scale studIes may deal WIth
mechamsms as specrfIc as the dIgesbon rates of mdIvidual anImals Processes such
as predabon, nutnent transport, and heat transfer are cnbcal to understandmg
changes m hvmg manne-related resources Process studIes support model
bUIldmg by defImng relabonshIps among mdIviduals and specIes and between
phenomena such as pnmary producbon and phYSICal forcmg Process studIes also
contnbute to other forms of research, such as retrospectIve analySIS, and to
synthesIS

The short-term end pomt for GEM program synthesIS and research IS
lIDplementabon of core momtonng acbVIbes The roles of research and synthesIS m
the GEM program are fIrst to support lIDplementabon of momtormg, and second to
give the momtonng program the capaCIty for change once It IS establIShed

The conbnumg roles for synthesIS and research, as supported by modelmg, are
to promote understandmg of the relabonshIps among and WIthIn the broad habItat
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types of the ecosystems, plant and arumal specIes, phYSIcal and chenucal
oceanographIc processes, and chrnate m the GOA Contmual refInement and
testmg of hypotheses, synthesIS across geographIc areas and specIes, and mode1mg
of bIOlogIcal and phYSICal processes are expected

4.13 Monltormg

Momtormg IS the actIon of takIng long-tIme-senes observatIons at tImes and
places deSIgned to test hypotheses based on current understandmgs Momtormg IS
essentIal to detectmg and understandmg change, because It proVIdes the startmg
pomt for synthesIS, vanous forms of research, modelmg, and InformatIon transfer
How often and where to sample are Important aspects of detectIon, and therefore,
key consIderatIons m the deSIgn of momtormg They must be appropnate to the
hypotheses bemg analyzed

Momtormg m the GEM program will be organIzed mto core momtormg and
partnershIp momtormg Core momtormg IS fully supported by the GEM program,
and partnershIp momtormg IS partIally supported

The end pomt for momtormg IS a geographIcally dIStrIbuted network gathermg
data on the state of the marme ecosystem that IS transformed mto InformatIon for
user groups through apphcatIon of synthesIS, research, modelmg, data
management, and InformatIon transfer Momtormg will use spatIally structured

, ~
survey methods

414 Modeling

Models are tools for orgarnzmg data and tellmg a story Modelmg IS used to
make the relatIonshIps between the parts and processes of the ecosystem clear, and
models can be wntten m a vanety of medIa as verbal, VISUal, statIstIcal, or
numencal models In the GEM program, the speCIfIc purposes of modelmg are to
help accomplISh the followmg

•

•

•

•

•

Inform, commumcate, and proVIde common problem defmItIon,

IdentIfy core VarIables and relatIonshIps,

Set pnontIes,

Improve and develop expenmental (momtormg) deSIgns, and

Improve decISIon-makIng and fISk assessment

Modelmg, momtormg, and data management strategIes need to work m
concert for each to be fully effectIve (FIgure 41) Modelmg IS a pIVOtal hnk
between momtormg and data management and InformatIon transfer on the one
hand, and synthesIS and research on the other Modelmg feeds back InformatIon to
the momtormg program m the form of recommendatIons on how the momtormg

" system can be made more effectIve Modelmg also helps lrtterpret data for the use
'-...J

VOLUME I, CHAPTER 4 33



GULF ECOSYSTEM MONITORING AND RESEARCH PLAN

End-to-End Observing System

Monitoring Observations

-, ,.
Data Management & Information Transfer

-,,
Modeling

.. ~.. ,.
Synthesis, Research, Management Applications

Figure 4.1 The End-to-End Observing System. This system shows the relationships
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)).

of synthesis and research activities. Current modeling efforts are considered in
more detail in Chapter 5, Volume II. The discussion below provides a brief
introduction to definitions and strategies for modeling in the GEM program.

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 a simulation (see Chapter 5, Volume II). 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 4,
Volume II), to highly precise statements known as testable hypotheses.

Visual models, such as Figure 4.2 (need figure) 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
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dIfferent water temperatures, stabsncal methods show the hkehhood of

"-- J relanonslups among phenomena, but not how or why they are related

• Numencal models are mathemancal translanons of verbal models
descnbmg how and why phenomena are related Numencal models often
rely on estabhshed prmcrples from phySICS, chemlStry, and bIology

All four types of models will be used m the GEM program In the near-term,
however, models of bIOlogical phenomena are expected to be mostly verbal, V15Ual,
and stabsncal, whereas models of phYSICal and chemlcal phenomena are hkely to
be pnmanly numencal, m addlnon to bemg verbal and stabsncal

Models are tools not only for understandmg, but also for predlcnng change
Models orgaruze and analyze momtormg observanons of plants and anlffials,
natural forces, and human acnvlnes WIth the use of the mathemancs of modelmg,
short-term predlcUons can be made about how a parhcu1ar aspect of the ecosystem
works The ulb.mate demonstranon of understandmg a phenomenon, however, 15
longer-term predlcnon Covenng the vast d15tance between current understandmg
of the producnvlty of hvmg manne-related resources and predlcb.ng changes on
longer b.me scales (weeks, months, and years) will reqwre thousands of small steps
m understandmg 1hlS progresSIOn will necessanly take a long b.me Because of
the b.me reqwred, Idenb.fym.g the relanonslup between current understandmg and
probable changes m resource producnVlty 15 a reasonable goal for a long-term
program such as the GEM program

The long-term modelmg end pomts for GEM momtonng, synthes15, and
research are workIng bIOphYSICal models that make managers, pohcy makers, and
resource users aware of changes m natural resources, help them understand the
human and natural ongIllS of these changes, and give them some Idea of what to
expect m the future

j

4 1 5 Data Management and Information Transfer

Data management and mformanon transfer are the processes of acqUlnng m
the held, recelvmg m the office, formathng, and stonng data, proVldmg quallty
control and assurance, developmg and managmg databases, and makIng the data
understandable to users It mc1udes the development of mformanon products
based on mterpreted data and the dehvery of these products, mc1udmg

r
development of user mterfaces The short-term obJeenve of data management and
mformanon transfer m the GEM program IS to gam control of the data acqwred
Wlth EVOS funds Many of these data are m danger of bemg lost as the passage of
b.me leads to loss of project personnel and lllSntunonal memory

The long-term end pomt for GEM data management and mformanon transfer 15
a system that manages the rapId and effiCIent flow of data and mformanon based
on core momtonng projects to end users, and that facilitates the flow of data and
mformanon between GEM partners and among GEM partners and the user
commumty
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4.2 Strategies for
Implementation

G
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GEM data management IS a program support funcbon mtended to accomphsh
the followmg

1 Support crOSS-dISCIplmary mtegrabon of phYSICal, bIologIcal, and
tradIbonal knowledge WIthm a structured, decISIon-makmg framework,

2 Support synthesIS, research, and modelmg that evaluate testable
hypotheses on the roles of natural forces and human acbVIbes m controllmg
bIolOgIcal producbon, and

3 Lay the groundwork for future use of dIStnbuted, Web-based analySIS and
management tools as the momtormg program becomes fully operabonal

By neceSSIty, the data mcorporated mto the GEM program will denve from a
vanety of sources and formats, whtch will mclude retrospecbve data sets and
tradIbonal knowledge, may contam spabal and temporal components SynthesIS
and research will need to mcorporate data not drrectly collected by the GEM
program, such as satellIte remote-sensmg mformabon and fIShery catch data
Incorporabon of these data mto regIonal models and dectSlOn-makmg systems will
reqUIre tools for data mgesbon and query, especIally to facrhtate modelmg (see
FIgure 4 1) Because the output from the GEM program will be used by people
from a WIde vanety of dIScrplmes and backgrounds, the user mterface must be
easy to understand and accessIble through a dIStnbuted network, such as the
Internet

Data management and acquISIbon pohcres are essenbal to ensure the rapId
transfer of mformabon to end users Although the data must flow through the
system as qmcklyas poSSIble, quahty control and assurance procedures and the
prerogabves of SCIentISts to pubhsh mterpretabons 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 therr efforts m the
pubhcabons of other SCIentISts who may use the data

Informabon transfer products will depend on the nature of the momtormg and
research acbVlbes (see Chapter 5) that are yet to be chosen PossIbthbes for these
products, based on the expenence of other momtormg and research programs, are
dIscussed m Chapter 6, Volume II

The sCIentIftc strategy of the GEM program uses a
central hypothesIS and key quesbons from the
conceptual foundahon to estabhsh the lillbal
drrecbon for the program From thIS startmg

pomt, the GEM program follows a path of synthesIS, research, and momtormg to
detect, understand, and, eventually, predIct changes m hvrng marme-related
resources of the GEM regIon As shown m the table below, the strategy calls for
modelmg and data management to closely support synthesIS and research
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The way to aclueve predIcbon m the long term IS to bwld a body of knowledgeo on how and why the prodUCtIVIty of hvmg manne-related resources changes
through hme SynthesIS IS used to bwld and mamtam a coherent and
comprehensIve understandmg of the current state of knowledge Research tests
current understandmgs Morutormg acbVltIes take long-hme-senes observatIons at

\

hmes and places deSIgned to test hypotheses based on current understandmgs
And at all stages of the program, an ongomg gap analysIS demonstrates when It IS
possIble to take advantage of the work of others (FIgure 4 3) (need fIgure)

The basIC sequence of acbVlbes for establIShmg the morutormg network IS
enVISIoned as follows

SynthesIS -7 Research -7 Morutormg

Concurrent programs of modehng and data management would support the
sequence of synthesIS, research, and morutormg Table 4 1 illustrates thIs
ImplementatIon strategy

Table 4 1 Strategy for Implementmg a MOnltormg Network

Example ofbUlldmg a momtonng actIVity for the GEM program m 5 fiscal years through
synthesIS and research, supported by concurrent modelmg and data management

Momtonng ActiVity Data
Fiscal Year Core Partners Model Management

f

2003 SynthesiS MOnitor Verbal(c) Prototype
~..J

Research

2004 SynthesiS MOnitor Statlstlcal(c) Coordination (c)

Research Research ArchlVlng(c)

2005 Research MOnitor Statlstlcal(c) Coordination (c)

Research Numencal prototype (p) ArchIVing (c)

Dlstnbutlon (p)

2006 Research MOnitor Statistical(c) Coordination (c)

MOnitor Research Numerical (p) ArchiVing (c)

Distribution (p)

2007 MOnitor MOnitor ArchiVing (c)

Research Numencal (p) DistributIOn (p)

Notes

c =core (GEM program supported) actiVity

p = partnership (JOintly supported) activity

The ImplementatIon strategy shown m Table 4 1 uses the basIC components of
the program m a senes of three steps that lead gradually to the IdentIfIcatIon and
estabhshment of a long-term morutonng program The fIrst step IS mcreased
SynthesIS of eXIStIng mformatIon, contInumg the process started m prepanng the

U SCIentIfIc background (Chapter 3, Volume II) and m conJUllcbon WIth exploratory
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research projects that bwld on current SynthesIS The GEM program IS now at thIS
step, WIth ongomg synthesIS and prelmunary research expected to contmue
through FISCal Year (FY) 2002 The InltIal synthesIS actIVlbes, mcludmg modehng,
would support IdentIfIcabon and development of testable hypotheses Irubal
research acbVIbes would explore the feasIbility of measurmg candIdate VarIables at
vanous locahbes m the watershed, nearshore, and offshore Irubal synthesIS m the
nearshore and offshore areas would rely heavily on past and developmg
mformabon from research and momtormg programs such as SEA, FOCI, OCC, and
GLOBEC (see AppendIX C), and on past and ongomg momtormg and research m
the watersheds under ADF&G, USFWS, US Forest ServIce (USPS), and others

The second step, to be Inlbated m FY 03, combmes contmumg synthesIS WIth
research that exammes opportunIbes for core momtormg m PWS, the outer Kenai
Penmsula, Lower Cook Inlet, KodIak, and adjacent waters All research projects
are Inlbated for a fIXed durabon, however, some of these Inlbal prOjects mIght be
consIdered"pilot momtormg" projects that could be extended mdefmItely If results
of retrospecbve analyses, workshops, modehng studIes, synthesIS, and other
preparatory research show contmuabon IS warranted

The thIrd step IS full Implementabon of a long-term momtormg program As
IdentIfIed by the preparatory synthesIS, research, and modehng, each core
momtormg actIVIty would collect data on a number of core vanables that support
evaluabon of testable hypotheses Partners may fund addIbonal measurements at
the locabon of core momtormg actIvibes For example, With proper planmng It IS
usually poSSIble to add momtormg eqUIpment to moormgs WIthout dlSruptmg
eXlStmg actIvibes for data acqulSibon It may also be advantageous for partners to
mcorporate core momtormg locabons mto theIr oWn transects and other surveys
The actual number of core momtormg actIvibes at full Implementabon 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, modehng studIes, synthesIS,
and other preparatory research

The IdentIfIcabon of mformabon needs, or gap
analySIS, IS an Important part of the process of
Idenbfymg the startmg pomts for momtormg and
research (Chapter 5, Volume 1) It will contmue to
be an unportant part of Implementabon In the

process of startmg the GEM program, the available mformabon (AppendIX C) was
compared to the mformabon relevant to answermg the key quesbons (Chapter 4,
Volume II) to see what mformabon was ffilSsmg (Chapter 3, Volume 1) ThIS
process will contmue durmg Implementabon, however, the more general key
quesbons will be replaced by mcreasmgly specIfIc quesbons
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It IS unportant to have a clear understandmg of how the nature of the quesbon
\,------" determmes the nature and outcome of the gap analySIS The gap analysIS has three

essenbal parts

1 Aquesbon,

2 IdenbfIcabon of mformabon necessary to answer the quesbon, and

3 A survey of relevant avaIlable mformabon

The fIrst part, the quesbon, IS fundamental to the gap analysIS and defmes the
survey of all relevant mformabon needed to answer It A general quesbon calls for
a general gap analySIS, and a more detaIled quesbon calls for a more detaIled gap
analySIS The gap analySIS concludes WIth a comparISon of the mformabon needed
and the mformabon avaIlable

As the GEM program moves from general quesbons about what controls
bIOlOgical producbon Withm habItats and the connecbons among producbon m
these habItats toward testable hypotheses, the gap analysIS will become htghly
spectftc Testable hypotheses will be developed dunng the second half of FY 02
More detaIled gap analySIS will be done when the process reaches the level of
testable hypotheses, WIth htghly spectftc quesbons, m FY 03

A conbnumg gap analySIS, supported by a conbnuously updated database of
current and hIStoncal mformabon-gathenng projects m the GOA and adjacent

',,_/ areas, IS essenbal to unplemenbng the GEM program ThIS analySIS will be key to
fmdmg new partners for momtonng acnvibes, Identlfymg new opportumbes for
research and synthesIS, and provIdmg mcreased opportumbes for collaborabon,
WIthout rISkmg dupltcabon

The lffiffiedtate end pomt of the gap analySIS strategy IS a database that
supports Identlfymg mformabon needs m the short term, as core momtonng
vanables and locabons are selected In the longer term, the supporbng database
will become a valuable tool for resource managers, poltcy makers, other scIenbsts,
stakeholders, and the general publtc

4.4 References

Myers, K W, Walker, R V, Carlson, H R, and Helle, J H 2000 SynthesIS and
reVIew of U S research on the phYSICal and bIolOgical factors affecbng
ocean producbon of salmon Pages 1-9 m J H Helle, Y Ishtda, D Noakes,
and V Radchenko, edttors Recent changes m ocean producbon of Pactftc
salmon North Pactftc Anadromous FISh COmmISSIon Bullebn, Vancouver

US GOOS Steenng COmmIttee 2000 Thtrd meebng of the U S GODS steenng
COmmIttee June 29-30, 2000 Hunbngton Beach, Caltforma US GOOS

~)

VOWME I, CHAPTER 4 39



I"'---,J

GULF ECOSYSTEM MONITORING AND REsEAROi PLAN

Wilson, E 0 1998 Consmence the uruty of knowledge Vmtage Books, A DIVISIon
of Random House, Inc New York

40 VOLUME I, CHAPTER 4



~j 5. MONITORING PLAN AND RESEARCH AGENDA

In Thts Chapter

~ Elements of the phased approach to momtonng

~ Use of synthesIS, research, modelmg, and data management to develop and
refme momtonng achvltles

~ FISCal Year 2002 agenda for achvltles

The momtonng program developed by the
5.1 Introduction Trustee Council and Its partners IS rntended to be

the "flagshIp" of the GEM program The
momtonng program IS the heart of the GEM program and will be rnamtamed even
If fundmg levels vary SynthesIS, research, modelmg, and data management will
all be used to develop and refme momtonng actlvltles A phased approach IS
enVISIoned dunng a 5-year penod, from FY 03 to FY 07, and will mcorporate these
elements

• Use of the key questzon for each habItat as the startlng pomt for performmg
the necessary synthesIS and research for developmg testable hypotheses

• A table showmg a proposed schedule and strategyfor Implementatzon, FY 03 to
FY 07, for core and partnershIp actlvltles, models, and data management

• LISts of probable or prospechve partners that are actlvely domg related
momtonng or research m the broad habItat type

• Candulate (orposszble) core momtonng actzmhes recommended based on the
conJunctlon of partnershIp opportunItles and opportumtles for measunng
bIOlOgical and phYSICal quantltles related to the key questlon and
mformatlon gaps

• candidate (or posszble) core vanables recommended based on approaches
suggested by the lIterature revIewed m the sCIentlhc background (Chapter
3, Volume II)

Followmg a dIScussIon of data management, thIS chapter dIScusses the above
momtonng program elements for each habItat type The key questlons were
mtroduced m Chapter 3, Volume I

Because data management functlons and products
5 2 Data Management are genenc to all habItat types, the suggested

Iffiplementatlon strategy provIded m thIS sectlon
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IS apphcable for all four habItat types Core data management will be prototyped
m FY 03 as core synthesIS and research projects are IDltIated and partnersrups
formed The frrst core functIon IS to establISh coordmatIon among partIes as soon
as possIble, but no later than FY 04, by means such as ftle transfer protocol (ftp)
SIteS, Web SIteS, and e-mail forwardmg hsts As data from core and partnersrup
research projects are produced, around FY 04, arcruvmg of data will be essentIal to
serve research needs A partnersrup system of data dIStrIbutIon will be deSIgned to
make mformatIon products readtly available to partners and other user groups
The ultImate goal for all broad habItat types will be an end-to-end system, m wruch
a morutormg network prOVIdes data to models and other apphcatIons that proVIde
servIces to a vanety of end users, mcludmg the ongomg GEM synthesIS, research,
and modehng Itself

5.3 Watersheds 5.3.1 Key Question

42

What are the t'elatwe roles ofnatural forces, such as cltmate, and
human acttVtttes, such as habttat degradatton andftshmg, as
dtstant and local factors, m causmg short-term and long-lastmg
changes m manne-related btologtcal productton m watersheds?

5 3 2 Schedule

Development of watershed morutormg actIVIty will be led by a core synthesIS
effort m FY 03, bUIldmg on preparatory core research m FY 02 to establISh an
approach to measurmg levels of marme mfluence m anImals and plants of the
watersheds Core synthesIS will asSISt m developmg hypotheses by about FY 04
that can be tested and refmed by core research m FY 05 and FY 06 At least one
core morutormg statIon will be IDltIated by FY 06, but may not be fully operatIonal
untllFY07

Table 51 presents the proposed schedule and strategy for ImplementatIon

5 3 3 Prospective Partner ActiVities

Partner actIVItIes m FY 03 are expected to be the supportIng morutormg
programs already m place, such as enumeratIon of anImals and plants, water
quahty morutormg, eXIstIng hydrology models, mcludmg annual and seasonal
runoff, and permtttIng of human Impacts such as resource harvests and land
development StartIng m FY 04, partners will be encouraged to asSISt m fundmg
research to further SIte selectIon Tills actIVIty will extend through FY 06,
termmatIng after the morutormg statIon IS fully operatIonal Because an analogous
research program IS under way at Washmgton Departtnent of FISh and Wl1dhfe
(WDFW), that agency may be willmg to share mformatIon and the costs of process
studIes of mutual mterest
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~ Table 5 1 Proposed Implementation Strategy for Watershed Habitatlj
Momtonng Activity Data

Fiscal Year Core Partners Model Management

2003 Synthesis MOnitor Verbal(c) Prototype

Research

2004 SyntheSIS MOnitor Statlstlcal(c) Coordmatlon (c)

Research Research Archlvmg(c)

2005 Research MOnitor Statlstlcal(c) Coordmatlon (c)

Research Numencal prototype (p) Archlvmg (c)

Dlstnbutlon (p)

2006 Research MOnitor Statlstlcal(c) CoordmatlOn (c)

MOnitor Research Numencal (p) Archlvmg (c)

Distribution (p)

2007 MOnitor MOnitor Archlvmg (c)

Research Numencal (p) Dlstnbutlon (p)

(

V

(

\.J

Notes

c = core (GEM program supported) actiVity

p =partnership Oomtly supported) actiVity

Prospective partners ADF&G USFWS (KenaI Natural Wildlife Refuge [KNWR]) USGS EPA
ADEC USFS Cook Inlet Keeper (CIK) Alaska Department of Natural Resources (ADNR) and
Washmgton Department of Fish and Wildlife (WDFW)

Candidate core mOnltonng actIVities Kenai River watershed Karluk River watershed

Candidate core vanables Isotopes of nitrogen m aquatic and npanan plants and animals
precursors of reduced Iron m water and anadromous fish

534 Models

Models of the relabonslup between manne producbvlty and watershed
producbvlty (Fmney et al 2000) are supposed to be verbal as of FY 03 Stabsbcal
modelmg to descnbe the strength of relabons among vanables and power analysIS
to gUIde samplmg should start m FY 04, conbnumg through the evaluabon of the
lllibal momtonng stabon 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-subbdal areas ThIs model will be lllibated m about FY 05 and
operabonal (m some sense) by FY 07 It IS recogmzed that a number of partner
momtonng acbVlbes m addlbon to the core acbvlty will be needed to create
parameters for a numencal model If numencal mode1mg proves mtractable,
statlSbcal modelmg would be extended m the mtenm

535 Candidate Core Monltormg ActiVities

Candidate core momtonng acbVlbes will be chosen to build on eXlSbng long
bme senes of data collected by prospecbve partners The Kenai and Karluk nvers
are two hkely candidates For the Kenai RIver watershed, three decades of data on
adult salmon reblms to the spawmng grounds of the watershed can be used as
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esbmates of manne mfluence In adchbon, salmon catch data span more than ftve
decades The proxmuty to Anchorage places the KenaI RIver watershed under
heavy pressure from human acbVlbes and trnpacts, many of whtch are documented
by government regulators Mulbple prospecbve partners have extensive programs
m place to momtor vegetabon, terrestnal anunals, ltrnnology, and other vanables of
potenbal relevance to the key quesbon The Karluk RIver watershed 18 umque m
havmg a publtshed record of more than 300 years of changes m manne mfluence m
general, and manne mtrogen m parbcular (Fmney et al 2000) In adchbon, the
prospecbve partners have collected more than eight decades of counts of salmon
returns for the watershed

536 Candidate Core Variables

Isotopes of mtrogen m plants and antrnals and sources of reduced tron are
candidates for core vanables, based on work descnbed m the sClenbftc background
under manne-terrestnal connecbons (Secbon 5 3) and chemtcal oceanography
(Secbon 5 5) In watersheds of the GEM region, where mtrogen ltrntts producbvlty,
manne mtrogen m anadromous ftsh species, prmclpally salmon, could be an
trnportant dnver of watershed producbVlty Phosphorus and tron from salmon
may also be trnportant to watershed producbvlty, but drrect measures of the ongm
of these elements are not avatlable (Indrrect measures mtght be, for eXaInple,
phosphorus or tron concentrabon per graIn of ftsh bIDes average ftsh weight bIDes
return number) A decade of work on the role of tron m pnmary producbvlty m
manne areas suggests that geophySical and biolOgical processes m watersheds may
contnbute to manne producbvlty Processes m the watersheds may ltrntt marme
producbvlty by controllmg the avatlablhty of precursors of reduced tron

\

5.4 Intertidal and
Subtidal 5 4 1 Key Question

I i
~J
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"What are the relattve roles ofnatural forces, such as currents and
predatton, and human acttVlbeS, such as sednnent and pollutant
dIscharge, as dIstant and local factors, In causing short-term and
long lasttng changes In commumty structure and dynamICS of the
intertIdal and subttdal habItats?

5.4.2 SChedule

Development of the mterbdal and subbdal momtonng acbvlbes 18 expected to
begm With a planmng workshop m FY 02 and an mtense core Synthes18 effort m FY
03 that mvolves extensive preparatory core research The mherently htgh
vanability of the commumty structure of the mterbdal and subbdal habitat-and Its
vulnerability to the effects of predabon and human degradabon-may make It
dtfftcult to develop a deSign that can separate human acbVlbes from natural forces,
forestallmg trnplementabon of lnlbal momtonng unW FY 06 Core synthesIs 18
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planned to provIde hypotheses by about FY 05 that can be tested and refmed by
~/ core research m FY 06 and FY 07 Plans call for at least one core momtonng stabon

to be lllibated by FY 06, but It may not be fully operabonal unbl FY 07

Table 5 2 presents the proposed schedule and strategy for lffiplementabon

Table 5 2 Proposed ImplementatlQn Strategy for Intertidal and Subtidal Habitat

Momtonng Activity Data
Fiscal Year Core Partners Model Management

2003 Synthesis Momtor Verbal(c) Prototype

Research Statlstlcal(c) Coordination (c)

2004 Synthesis Momtor Verbal(c) CoordinatIon (c)

Research Research Statlstlcal(c) Archlvlng(c)

2005 Research Momtor Verbal(c) Coordination (c)

Research Statlstlcal(c) ArchiVing (c)

Dlstnbutlon (p)

2006 Research Momtor Statlstlcal(c) CoordinatIon (c)

Momtor Research Archiving (c)

Dlstnbutlon (p)

2007 Momtor Momtor Statlstlcal(c) ArchiVIng (c)

Research Numencal prototype (p) Dlstnbutlon (p)

Notes

c =core (GEM program supported) actiVIty

p =partnership OOlntly supported) actiVIty

Prospective partners ADF&G (Kachemak Bay National Estuarine Research Reserve [KBNERR])
NOAA (National Ocean SerVIce and UAF) Cook Inlet Regional Citizens AdVISOry Council
(CIRCAC) Prince William Sound Regional Citizens AdVISOry Council (PWSRCAC) USFS EPA
ADEC EMAP) Alyeska Pipeline SerVIce Company

Candidate core momtonng actIVIties Kachemak Bay (Lower Cook Inlet) Green Island (PWS)

Candidate core vanables substrate type and dlstnbutlon Species compOSition and dlstnbutlon
recrUitment

5 4 3 Prospective Partner ActiVIties

Partner achvIhes m F'£ 03 will be the suppomng momtonng programs already
m place, such as momtonng of mmVldual speCIes for basIC bIOlogy and
contammant loads, surveys of speCIes composihon and dtstnbuhon, surveys of
substrates, and measurements of phYSICal oceanography (see Table 5 2) Starhng m
FY 04, partners will be encouraged to asSISt m fundmg research to further SIte
selechon These achVIhes will extend through FY 06, termmahng after the
momtonng stahon IS fully operahonal m FY 07

544 Models

Models of changes m commumty structure of the mterhdal-subhdal areas m
response to human achVlhes and natural forcmg are expected to be prImanly

\0 verbal from FY 03 to FY 05 Stahshcal modelmg, parhcularly power analySIS to
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gUide samplmg, IS expected to be operable as soon as FY 03, because of expenence
gamed m the EVOS coastal habItat program and related damage assessment and
restoratIon work StatIStIcal modelmg will conhnue through the evaluatIon of the
ffiltIal momtonng statIon m FY 06 The end pomt of a numencal model to combme
phySIcal forcmg and human actIVItIes for descnbmg commumty structllre IS a very
ambItIous undertakmg for a core actIvIty Wlthm a 5-year hme frame and may not
be feasIble at all WIthout substantIal partner support

5.4.5 Candidate Core Momtorlng ActiVities

CandIdates for core momtonng actIvItIes will be selected based on substantIal
partnenng opportumtIes, chances for human actIVItIes and tmpacts, and lOgIStIcs
LIkely candIdates are Kachemak Bay m Lower Cook Inlet and Green Island m PWS
Kachemak Bay IS close to the CIty of Homer and IS becommg a developed
recreatIortal deshnatIon In addItIon, the bay has the presence of coastal habItat
assessment programs already m place Wlthm the Kachemak Bay National Estuarme
Research Reserve (KBNERR), as well as nearby moonngs takmg oceanographtc
measurements The USFS has a long-term ecolOgIcal momtonng SIte at Green
Island, whtch IS shll seemg effects from the 1989 Oll spill A new weather statIon IS
bemg mstalled nearby at Applegate Rocks, and addItIonal oceanographtc moonngs
m nearby Montague StraIt are ltkely

5 4 6 Candidate Core Variables

Commumty structure m the mtertldal and subtIdal areas IS determmed by
substrate type and amount, as well as by phySIcal oceanographtc featllres, such as
wave amon SpecIes composItIon and dIStnbutIon are fundamental to determmtng
commumty struct1lre, as IS the recrUItment rate of key SpecIes such as barnacles,
mussels, and clams, dependmg on substrate

5.5 Alaska Coastal
Current 55.1 Key Question

I

~
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What are the relahve roles ofnatural forces, such as the vanablilty
tn the strength, structure, and dynamICS of the ACC, and human
actIVItIes, such as f,shtng and pollutIon, tn caustng local and
dIstant changes In productton ofphytoplankton, zooplankton,
bIrds, fISh, and mammals?

5 5 2 Schedule

Development of ACC momtonng will requrre a penod of synthesIS and
research that mvolves collaboratIon between phySIcal and blOlogIcal sCIentISts to
decrde on how to best detect changes m annual and seasonal productIon and
transfer of energy to htgher trophtc levels The determmatIon of what physlcal
cheffilcal processes are most tmportant to measure for prtmary and secondary
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produchon will reqUITe a synthesIS that combmes eXlShng phYSIcal and bIOlogIcal
mformahon and hypotheses SpecIfIc seasonal queshons such as what controls the
hmmg, durahon, and magmtude of the spnng bloom on the mner conhnental shelf
need to be carefully cast as testable hypotheses before COIDIDlthng to long-term
momtonng Havmg the SEA, APEX, GLOBEC Northeast PacIfIc Nahonal Estuary
Program (NEP), FOCI, OCC, and NPAPC programs precede and parallel the GEM
program IS extremely fortuItous 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 momtonng achvIty will begm WIth a core synthesIS effort that IS closely
coordmated WIth the ongomg research and momtonng efforts menhoned above

Understandmg how best to measure bIolOgIcal produchvIty and trophIc
transfer m the ACC will take longer to develop than the approach to phYSICal
measurements, whIch could be developed m a relahvely short penod of hIDe The
long-term observahon 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 Itwill take some hIDe to
dlShll the large amount of mformahon available from such studIes and other
programs to the pomt of recommendmg a full swte of core bIOlOgIcal
measurements for core GEM program momtonng m the ACC

Table 5 3 presents the proposed schedule and strategy for lIDplementahon

5 5 3 Prospective Partner ActiVities

NOAA's mterest m the ACC conhnues to be hIgh, as demonstrated through Its
partICIpahon m the GLOBEC and acc programs and some conhnumg work m the
FOCI program m Shehkof StraIt It IS almost certaIn that the GAK1 stahon and IJlle,
rnatntamed and momtored by the UmversIty of Alaska and m place now for
decades, will playa central role m future momtonng of the phYSICal structure of the
ACC based on temperature and salmIty measures Recently added bIOlOgIcal
measures, mcludmg chlorophyll a, will hkely be matntamed and supplemented
Other opportunlhes for partnershIps mclude GLOBEC's more recently establIShed
stahons from PWS across the conhnental shelf and one of the lmes used m the
FOCI program m the She1Ikof StraIt The USGS, whIch has an establIShed set of
seabrrd momtonng colomes spaced at about 50D-kID mtervals around the GOA and
mto the Benng Sea, IS another strong candIdate for a partner Oose coordmahon
WIth methods of the colomal seabrrd program of the USFWS Alaska MarIhIDe
Refuge IS enVISIOned to make seabrrd data consIStent around the coast of Alaska
For measurmg forage specIes vanabillty, populahon abundance data from the
ADF&G on Paahc hernng m PWS and also for populahons at KodIak Island and m
Kam1Shak Bay, although not complete, may be useful Starhng m FY 04 and
extendmg through FY 06, partners will be encouraged to asSISt m fundmg research
to further SIte selechon for momtonng the ACC
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Table 5 3 Proposed Implementation Strategy for Alaska Coastal Current

'--- Habitat

MOnltormg ActiVity Data
Fiscal Year Core Partners Model Management

2003 Synthesis MOnitor Statlstlcal(c) Coordmatlon (c)

Research Numencal (p)

2004 Synthesis MOnitor Statlstlcal(c) Coordmatlon (c)

Research Research Numencal (p) Archlvmg(c)

2005 Research MOnitor Statlstlcal(c) Coordmatlon (c)

Research Numencal prototype (p) ArchiVIng (c)

Dlstnbutlon (p)

2006 Research MOnitor Statlstlcal(c) Coordmatlon (c)

MOnitor Research Numencal (p) Archlvmg (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

Prospective partners UAF (IMS School of Flshenes and Ocean SCiences [SFOS]) U S
Department of Intenor (DOl) (National Park Service [NPS] USFWS USGS) North PaCific
Research Board (NPRB) NOAA (NMFS/NatJonal Ocean SeMce [NOS) EPA-ADEC EMAP

Candidate core mOnltonng actiVIties GAK1 Hmchmbrook Entrance, Montague Strait

CandIdate core vanables temperature, salinity fluorescence plankton forage SpecIes

Plankton measurements (settled volume) are now bemg taken by potenbal
partners at SIX hatchenes m PWS On the basIS of past correlabons of plankton
settled volume WIth annual pmk salmon returns and decadal-scale herrmg
abundance, these data could proVIde mformabon about producbvity of the ACC
system of relevance to mulbple specIes under certaIn condibons ExtensIon of the
"plankton watch" to hatchenes m other areas and local commumbes throughout
the northern GOA may be a worthwhIle and potenbally economIcal way to
mamtam long-term data sets and archIves of plankton Other opportumbes to
collect samples and analyze plankton commumbes may mclude CruISes WIth net
and hydroacousbc samplmg, as well as satellite Images Also of pOSSIble ment are
the use of shIps that offer opportumbes, for example, the conbnuous 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 concentrabons prOVIde very useful
synopbC pIctures, even takmg mto account the lImItabons that cloud cover and lack
of subsurface data present DecISIOns will be made WIth the gmdIng phIlosophy of
collecbng data of relabvely low frequency m space and bIDe so that decadal scale
change can be resolved
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) Perhaps the largest challenge for the ACC habItat will be developmg
momtormg a~vInes to measure vanability m forage fIsh populanons and
assocIated predator populanons Some opnons for exploranon of partnershIps for
assessmg forage fIsh abundance and assOCIated phenomena mclude the followmg

• Larval surveys buI1dmg on the databases and archIved specrmens 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 relanve abundance (The
Trustee CouncI1 sponsored a successful study of these occurrences of forage
fISh m the sport fIshery for halIbut out of Homer)

• Small mesh trawl surveys conducted by ADF&G around KodIak Island and
Lower Cook Inlet to assess shrImp abundance (A large database from thIS

program extends for some locanons back to the 1960s for a large vanety of
speCIes on the mner shelf )

• Aenal surveys WIth the use of convennonal photography or other sorts of
Imagmg (such as LIDAR) of shallow water aggreganons of Juvemles or
adults

• Hydroacousnc sensors mounted on vanous shIps of opportunIty and fIxed
moormgs

• AnalySIS of food Items brought back to the nests of colomal seabIrds (such
as puffIns) as an mdicanon of the relanve abundance of vanous forage fIsh
speCIes m parncular areas

• Other net samplmg programs that may be under way or contemplated

554 Models

Several hydrographIc and errculanon models have been or are bemg developed
for the ACC (see also Chapter 5, Volume II, and AppendIx B) A errculanon model
workshop IS planned m FY 02 to consIder approaches most lIkely to be useful to
the GEM program Models of the relanonshIp of marme planktomc producnon 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 nutnent-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
conmnons condUCIve to SUItable Juvemle salmon rearmg habItat
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Models of parbcu1ar mterest from the FOG program are the I-D and 3-D
versIOns of the Shellkof NPZ models, and the GOA Walleye Pollock Stochasbc
SWItch Model (SSM) (see Chapter 5, Volume il, and Appendtx B) The Shellkof
NPZ models are a set of coupled (bIOlOgIcal and phYSical) models designed to
examme hypotheses about pollock recrudment m the Shehkof StraIt regIon The
Pollock SSM IS a numencal slffiulabon of the process of pollock recrUItment Of
parbcu1ar mterest to the GEM program IS the ldentlftcabon by the SSM of three
spectftc agents of mortahty wmd ffilXIDg, ocean eddies, and random effects
Ecopath models developed by Okey, Pauly, and others at the Umverslty of Bnbsh
Columbia are also of mterest, especially for PWS, but also for the GOA conbnental
shelf and slope (exc1udmg fjord, estuarme, and mterbdal areas) (see Appendtx B)

5 5 5 Candidate Core Momtorlng Aetlvlbes

It appears that the phySical oceanographers have developed a level of
understandmg about mner-shelf dynamtcs that will allow the GEM program to
ldenbfy a core set of measurements, locabons, and frequencies that address
quesbons relevant to the GEM program A core momtonng acb.v1ty based on the
partnershtp at the GAKl stabon IS llkely Others may be added m FY 04 to FY 07
as ldentlfted by synthesIS and the results of other programs (GLOBEC and Faa
stabons and moonngs) and as fundmg allows Full core momtonng m the ACC
may not be fully operabonal untll FY 07

5.5 6 Candidate Core Variables

The key VarIables m measunng the producbV1ty of the ACC are temperature,
lnsolabon, salmtty, fluorescence, and abundance of key forage spec1es, mc1udmg
fISh and zooplankton

5.6 Offshore: Outer
Contmental Shelf and
Oceanic Waters

5.6.1 Key Question

50

What are the relauve roles ofnatural forces, such as changes tn the
strength of the Alaska Current and Alaskan Stream, mIXed layer
depth of the gyre, WInd stress, and downwelltng, and human
actIVItIes, such as pollution, tn determtntng productton ofcarbon
and Its shoreward transport?

5 6 2 SChedule

As With the ACC porbon of the program, results of GLOBEC research need to
be carefully considered before lffiplementabon of long-term momtonng m thIs
broad habitat type ThIS dehberate approach IS reflected m the emphasIS on
synthesIS for thIs habitat type m the early years of the proposed schedule and
strategy for lffiplementabon (Table 5 4)
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Table 5 4 Proposed Implementation Strategy for Offshore Habitat
\ '--_/ MOnltormg Activity Data

Fiscal Year Core Partners Model Management

2003 SynthesIs MOnitor Statlstlcal(c) Coordination (p)

Research

2004 Synthesis MOnitor Statlstlcal(c) Coordination (p)

Research ArchlVlng(p)

2005 Synthesis MOnitor Statlstlcal(c) Coordination (p)

Research Numerical prototype (p) ArchiVing (p)

Distribution (p)

2006 SyntheSIS MOnitor? Statlstlcal(c) Coordination (p)

Numerical (p) ArchiVing (p)

Distribution (p)

2007 SynthesiS MOnitor? Archiving (p)

Numerical (p) Distribution (p)

Notes

c =core (GEM program supported) activity

p =partnership (jOintly supported) activity

Prospective partners NPRB NOAA (NMFSINOS) Canadian Department of Fisheries and
Oceans (CDFO) Japan Fishery Agency

Candidate core mOnitoring actiVities GLOBEC stations Valdez-Long Beach Line

Candidate core variables nutrients, detritus and plankton temperature and salinity

5 6 3 Prospective Partner Activities

Support of partners m eXlSbng momtonng projects may be necessary to obtaIn
sufftCIent mformabon for deSIgn of a momtonng program Because of the expense
of lillbabng most offshore samplmg programs, careful selechon of partners and the
use of long-term, low-frequency data gathenng will be key strategies for
understandmg decadal-scale changes m thIs enVIronment Current efforts to apply
the conbnuous plankton recorder (CPR) technology on shIps of opportumty m the
GOA offer partnerslup opportumbes ExtensIOn of eXlSbng slups of opportumty
programs to mc1ude measurement of vanables of mterest to the GEM program IS

also a pOSSIbility

5.6.4 Models

The GLOBEC NPZ l-D and 3-D models are dIScussed above m Sechon 554 A
broader model addressmg NPZ for the enbre North PacIfIc IS the North PacIfIc
Ecosystem Model for Understandmg Regional Oceanography (NEMURO), m
wluch fluxes of mtrogen, silicon, and carbon will be tracked (see AppendIx B)

/
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5.6.5 Candidate Core Momtormg Acbvlbes

A reasonable oceanograpluc program m the ACC can probably be extended
across the shelf break WIth the use of eXlSbng GLOBEC, FOCI, and OCC samplmg
statIons, moormgs, and transects The use of the Valdez-Long Beach lme With Oll
tanker-mounted fluorescence and zooplankton samplmg gear appears to be an
attracuve strategy for long-term, low frequency samplmg over large spaual scales

566 Candidate Core Variables

Parncularly crucral aspects of the offshore envrronment are phYSical processes
and attendant blOlogIcal responses at the shelf break and front (for example, extent
of deeJrwater mtIuslOn onto the shelf m the late summer and fall), the ffilXed layer
depth m the Alaska Gyre m the sprmg-summer, and Ekman transport of offshore
producuon onshore Measurements of basiC vanables are essentIal to
understandmg the role of these offshore aspects m affecbng productIVlty of other
habitats These vanables mc1ude temperature, salmtty, nutnents, detntus, and
plankton

The "research agenda" 18 a llSt of past and
potentIal Trustee COunCll actIvItIes that future
COffiffilttees and work groups Wlthm each habitat
type (Chapter 6, Volume I) can butld upon
Table 5 5 summarIZes the planned and potentIal

actIVlues of FY 02 that are of mterest m establlShmg the research agenda for GEM
tmplementatIon Tables 5 6 and 5 7 SummarIZe acuvlues funded by the Councl1 m
FY 01 and FY 00 that are of potentIal mterest to GEM tmplementatIon

Eddorlal note We dejindely want to Include Tables for FY 00 and FY01for studIes
that were done for "GEMtransItion ahd synthesIS"
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Table 5 5 Fiscal Year 2002 ,=unded and Deferred Activities for the GEM Program
LJsted with project number If assigned and titles ofactivities

Habitat
Type

Watershed
s

IntertJdal
Subtidal

ACC

Offshore

SynthesIs and
Workshops

02612-Kenal
River Manne
Terrestnal Links

02395-Workshop
on intertidal
mOnitoring

Workshop on
modeling
cIrculation

Workshop on
modeling
circulation

Research

02649-Reconstructlng sockeye

02667-Commlsslon for the
Conservation of Antarctic Manne LIVIng
Resources Ecosystem MOnltonng
Program (CEMP)

02668-Water Quality Database

02556-Mapplng intertidal

02538-Hernng stock Identification

0221Q-Youth Area Watch

0234Q-GAK1

02552 Exchange between PWS and
GOA8

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

0221Q-Youth Area Watch

02614-Physlcal data from tankers

02624-8hlps opportUnity CPR
(Continuous Plankton Recorder)

Modeling

02603-0cean
Circulation
Modellng8

02603-0cean
Circulation
Modellng8

~l

8Fundlng deciSion deferred to 12101
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Table 5 6 Fiscal Year 2001 Funded ActivIties for the GEM Program
Listed with project number If assigned and titles ofactIVities

Habitat
Type

Watershed

Intertldal
Subtidal

ACC

Offshore

SyntheSIS and
Workshops Research

01385-Kachemak Bay Momtonng

0121O-Youth Area Watch

0134o-GAK1

01552-Exchange between PWS and
GOA

01404-Archlval tag testIng

0121o-Youth Area Watch

Modeling

01391-Cook
Inlet Information
System

0145-0ata
System for GEM

01391-Cook
Inlet Information
System

01455-0ata
System for GEM

01389-3-0
Ocean State
Simulation
Modeling

01391-Cook
Inlet Information
System

01455-Data
System for GEM

01389-3-0
Ocean State
SimulatIon
Modeling

01391-Cook
Inlet Information
System

01455-0ata
System for GEM
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Table 5 7 Fiscal Year 2000 Funded ActivIties for the GEM Program
Listed with project number If assIgned and titles ofactIvitIes

Habitat SynthesIs and
Type Workshops Research Modeling

Watershed 00567 Contaminants monrtonng 01391 Cook Inlet
s InformatIon

System

00455 Data
System for GEM

Intertldal- 00374 Hernng 0021O-Youth Area Watch 01391 Cook Inlet
Subtidal recommendations 00501 Seabird momtonng protocols Information

System
00509 Harbor seal expenmental design

00455 Data
00510 IntertIdal momtonng System for GEM
recommendations

00567 Contaminants momtonng

ACC 00374 Hernng 0134o-GAK1 01391 Cook Inlet
recommendations 00552 Exchange between PWS and Information

GOA System

0021O-Youth Area Watch 00455 Data
System for GEM

00493 Sampling strategies for GOA
trawl survey

00501 Seabird momtonng protocols

\_/
00567 Contaminants momtonng

Offshore 00567 Contaminants m6mtonng

01391 Cook Inlet
Information
System

00455 Data
System for GEM
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~ 6. PROGRAM MANAGEMENT: PUBLIC ADVICE,
SCIENTIFIC GUIDANCE, AND DATA POLICIES

In ThIs Chapter

~ DIscussIOn of a reconstItuted Program AdVISory Cornnuttee to prOVIde publIc
adVIce

~ A draft process for mVItIng, revIewmg, approvmg and adoptIng projects

~ Prelmunary descnptlons of the processes for gettIng adVIce from experts and
the publIc

~ Prelmunary data management and InformatIon transfer polICIes

The Importance of publIc partICIpatIon m the
6.1 Public AdVice Trustee Council process, as well as establIshment

of a publIc adVISOry group to adVISe the trustees,
was speCIfIcally recogrnzed m the Exxon Valdez settlement and IS an mtegral part of
the agreement between the state and federal governments FIgure 6 1 illustrates the
role of publIc partICIpatIon m the GEM program

The eXIStIng PublIc AdvISOry Group (pAG) has 17 members representIng 12
mterest groups and the publIc at large, as well as two ex-offIcIo members from the
Alaska LegISlature The charter for thIS group must be renewed m'January 2003
At that tlme, It would be appropnate to change the makeup of the PAG to mc1ude
the partICIpatIon of addItIonal mterests Prelmunary mput from the current PAG
and from some of the commumty facilitators representIng trIbal mterests calls for a
reconstItuted Program AdVISOry Cornnuttee (pAC), representIng a broad range of
stakeholder mterests and commumtIes and mc1udmg a number of SCIentIsts WIth
broad VISIOn and stature

One poSSIble SCenarIO IS a group of 20, WIth ftve SCIentIsts and 15 commumty
and stakeholder representatIves A decISIon would need to be made on whether
speCIfIc seats would be formally deSIgnated ThIS group would meet at least tWIce a
,year and prOVIde broad program and polIcy gutdance to the Trustee Council and
staff on the overall development and progress of the GEM program The group
would take an actIve role m settIng pnontIes and ensunng that the overall program
IS responsIve to publIc mterests and needs
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EVOS Trustee Council

GEM Program
. Document

<" •

Director & Staff Worb Plan

Technical Review
& Advice

ACC
Sub

committee

Collaboration &coordination
with resource agencies & other

marine science programs

Public
Review &
Comment

Offshore
Sub

committee

Intertidal/
Subtidal

Sub
committee

Watershed
Sub

committee

Core
Committee

Ad hoc
worRing
groups

PAC
• StaReholders
• Communities
• Scientists

6.2 Program
Management and
Administration

The administration and management of the GEM
program must be cost-efficient, have a high degree
of scientific credibility, and provide for public
access and accountability.

The GEM program will be administered by a
core professional staff that is not directly affiliated with any particular agency,
institution, or program, as is currently the case with the management of the Exxon

Valdez Oil Spill Restoration Office. An executive director will oversee the financial,
program management and administration, scientific, and public involvement
aspects of the program. The executive director and staff, while housed for
administrative purposes in a single government agency, will work under a
cooperative agreement for all six trustees. The Trustee Council and the staff will
receive advice on science and policy matters, including review of monitoring and
research activities, from experts and from the public, including the PAC.

6.2.1 Proposal Evaluation Process

The basic work plan process will likely have the following elements or steps,
which are also shown in Figure 6.2. As implementation of GEM begins, however,
these steps may be modified as efficiencies and improvements are found.
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• A "State of the Gulf" workshop will be held periodically, at which the
current status of the health of the GOA ecosystem will be assessed. Project
investigators, peer reviewers, resource managers, stakeholders, and the
public will be invited to this meeting, at which research and monitoring
results will be presented and discussed. In some years, this workshop will
be replaced by or augmented with a process of consultations and
workshops with various committees and work groups of science advisors

to evaluate and affirm or revise priorities.

• An Invitation to Submit Praposals, which will specify the types of proposals
that are priorities for consideration to implement the mission and goals of
the GEM program, will be issued periodically. Research proposals are
envisioned to be of finite duration and have short-term goals (for example,
2 to 5 years). Monitoring projects will be evaluated and renewed on longer
time scales (such as once every 5 years). The Invitation(s) will be the vehicle
for notifying the scientific community and others that proposals will be
considered during a certain period of time. Scientific and public advisors
will help provide precision to the specific questions posed in the

monitoring plan.

• Proposals received in response to the Invitation will be circulated for peer
review (see below). Peer review comments and recommendations will be

.~, .
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summanzed by staff and proVIde a basIS for pre1munary recommendahon
by the execuhve drrector Proposals will be reVIewed for theIr ability to
contnbute to the mformahon-gathenng needs of the central hypothesIS and
quesnons, and also for how they contnbute to meehng the prograrnmanc
goals and polIcIes of the Trustee CouncJ1 (see Chapter 1, Volume I), such as

_ 1 promohng commumty mvolvement, developmg resource management
applIcahons, and leveragmg funds from other sources Past performance of
pnncIpal mveshgators will be assessed Staff will also reVIew all budgets
In addIhon, the comments from the PAC and the general publIc will be
solICIted

• The execunve drrector will develop a recommendanon on each proposal
based on the peer reVIew, staff reVIew, and publIc and sCIenh&c adVIce

• A reasonable penod of hme for publIc comment will be bUIlt mto the
proposal reVIew process, mcludmg reVIew by the PAC

• The Trustee Council, after receIvmg adVIce from Its publIc and sCIenh&c
adVISors and staff, will vote on whIch proposals to fund

6 2 2 The Work Plan

A Work Plan will document the current acnvIhes that Implement the program
As prOjects for morutonng and research are approved by the Trustee Council, they
will become part of the Work Plan The Trustee Council may be asked to adopt a
new Work Plan each year or they may be asked to adopt new groups of projects
mto the Work Plan on a penodIc basIS

6 2 3 Reports and Publications

Annual and fmal reports will be reqUITed for all morutonng and research
projects and will be reVIewed to evaluate whether the mvesngators are makmg
satISfactory progress toward project objectIves Selected annual reports may be
sent for peer reVIew All fmal reports will be subject to mdependent peer reVIew,
and comments from the mdependent peer reVIewers must be addressed m the fmal
versIOns of fmal reports All annual and fmal reports will be archIved at the Alaska (
Resources LIbrary and Informanon ServIce (ARLIS)

PublIcanons m the peer-revIewed lIterature will be expected of program
parnqpants

6.2.4 Peer ReView

Each project, as well as some annual and all fmal reports, will be peer-reVIewed
by appropnate experts Idenh&ed by staff The peer reVIew may be eIther paId or
volunteer, whIchever IS most expedInous and appropnate These reVIews will be
conducted by quahfIed SCIentISts or other experts who are not also conductmg
prOjects funded by the Trustee Council The external techrucal reVIew process will
proVIde a ngorous cnnque of the sCIenh&c ments of all morutonng and research
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proposals and selected reports ReVlew funmons may be carned out m wntmg, by,,,--j telephone and occasIOnally on SIte or m person

Specral reVlew panels may be convened from bme to bme to evaluate and make
recommendahons about aspects of the GEM program At other bmes, SpecIal
panels may meet WIth project mveshgators and others to fully explore parhcular
topics, problems, or projects Penodlc revIew by an outsIde enhty, such as the
Nahonal Research Council, may be appropnate

6 3 GUidance on GEM Program Development and Implementabon

In addIhon to peer revIew and pubhc reVIew and adVIce, a COmmIttee and work

group approach will be used gwde GEM program development and lIDplementahon

Tlus approach may mclude a core cOmmIttee, subcOmmIttees, and work groups

631 Core Committee

The core COIDIDlttee would have four purposes

1 ProVIde leadershIp m Idenbfymg and developmg testable hypotheses
relevant to the central queshons of the GEM plan, consIStent WIth the
IDlSSlon, goals and pohCles of the Trustee Councrl

2 Support habItat SUbcOIDIDltteeS and ad hoc work groups (see below) m
Idenbfymg and helpmg lIDplement core vanables and core momtormg
stahons

3 Help IdentIfy and recommend syntheses, models, process studIes, and
other research achvlhes for the Inmtahon to Submzt Proposals

4 AsSISt staff m Idenbfymg peer revIewers and pOSSIbly parhClpate m the
peer revIew

The core COIDIDlttee would be composed of ementus and seruor scIentISts and
others selected pnmarily for expertISe and leadershIp m a fIeld of study The
sCIentISts servmg on the PAC would also serve on the core COIDIDlttee, as would the
chaus of each of the habItat SUbcOIDIDltteeS (see below) In general, the core
COIDIDlttee members would not be pnnclpal mveshgators for GEM projects
Inshtuhonal and profeSSIonal affihahons would also be of mterest m selectmg
members, because connechons to other marme SClence programs enhhes will be
valuable for ensunng collaborahon and coordtnahon on GEM program
lIDplementahon

6 3 2 Subcommittees

SUbcOIDIDltteeS would be orgamzed around the four broad habItat types
watershed, mterhdal and subtldal, ACC Current, and offshore (Outer contmental
shelf and Alaska gyre) The chaus of each SUbcOIDIDlttee would serve on the core
COIDIDlttee
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The purposes of the subcomnuttees would be as follows

Recommend to the core comnuttee testable hypotheses, Items for mVltabon
and peer reVIewers m theIr broad habItat type

• Idenbfy and help guIde Implementabon of core momtopng stabons and
vanables that are relevant to the key quesbons and testable hypotheses

• PossIbly conduct peer reVIew on proposals and reports m theIr broad
habItat type

The subcomnuttee would be composed of sCIentIsts, resource managers, and
other experts selected prImanly for dIscrplmary expernse and fanuhanty With the
broad habItat type (watersheds, mterbdal and subbdal, ACC, and offshore)
Insbtubonal and professIOnal af&.1Iabons would also be of mterest m selecbng
members to promote collaborabon and cooperabon

6 3.3 Work Groups

Ad hoc work groups may be penodically formed to develop specIfIc products
as requested by the <:ore comnuttee and subcomnuttees _Work groups could also
be charged With solvmg a parbcular problem m a fImte amount of bme

Data management and mformabon transfer
pohCIes are an mtegral part of GEM program
management Gear and effecbve approaches to
gathenng mformabon and makmg It Widely
avaIlable m understandable formats are essenbal

to the successful operabon of the GEM program Because the program IS a regional
program WIth goals of cooperabon, coordmabon, and mtegrabon With eXlSbng
manne SCIence programs, data pohCIes are to be compabble WIth, and sImllar to,
eXlSbng nonns for state, federal, and nongovernmental marme SCIence programs
Whenever pOSSIble, eXlSbng nonns will be adapted or adopted for use by the
Trustee Council Standards adopted by the Federal Geospabal Data Comnuttee
(FGDC), GLOBEC, and the EPA's EnVIronmental Momtonng and Assessment
Program will be used as starbng pomts for developmg GEM data pOhCIes
(Opbons and procedures for data management and mformabon transfer are
consIdered m more detaIl m Chapter 6, Volume II )

From the fundamental premISes stated here, data pohcles will evolve to
support GEM prOjects as they are Implemented (see Chapter 5, Volume I) In the
GEM program workmg defImbons, "data" are basIC observabons on the state of the
sy~tem,and "mformabon" IS data processed to be both understandable and of
ImmedIate use to specIalISts and the pubhc

The GEM data pohCIes mcorporate 10 broad elements

1 A comnubfient to the mamtenance and long-term avaIlabilIty of data
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2 Full and open sharmg of data at low cost, after venfIcabon and vahdabon

3 TImely availability of data, dependmg on the type of data Data will be
available almost unmedlately to 24 months

4 Availability of data on the GEM publIc Web SIte

5 Idenbftcabon of the ongm of all data WIth a CItabon

6 Adherence to data collechon and storage standards

7 PrOVISIon of citahons to the GEM BIblIography

8 Encouragement of achve parhcIpahon m the GEM Web SIte for all
parhcIpants

9 Long-term archtvmg of all data m a desIgnated storage faCIlIty

10 Acceptance of and adherence to the data polICIes as a condihon for
parhcIpabon m the GEM program and receIpt of fundmg

VOLUME I, CHAPTER 6 63



1- ,

GULF ECOSYSTEM MONITORING AND REsEARQi PLAN

64 VOWME 1, CHAPTER 6



" )

'"'..--/

( I
'---../

Gulf of Alaska Ecosystem Monitoring
and Research Program (GEM)

Volume II
The Historical Legacy:

Building Blocks for the Future

Volumes I andII together should be referred to as
the GEM Program Document

Review Draft - July 30, 2001

Exxon Valdez 011 Spill Trustee Council
645 GStreet, SUite 401

Anchorage, Alaska 99501
www OIISPIII state ak us

restoratlon@OIlsplll state ak us
907-278-8012

800-478-7745, within Alaska
800-283-7745, outside Alaska

Circulation of this draft for the purposes of review IS encouraged
Contents not for citation or attribution



OVERVIEW OF THE GEM DOCUMENT

The Gulf Ecosystem Morutorrng (GEM) Program Document has been prepared rn
two volumes to more easily descnbe the basIc morutorrng and research program
(Volume I) whIle provIdrng access to the factual basIS for the program (Volume II)
Volume I explams the basIc mohvahons for the program, rnformahon needs, and
the strategIes for meehng these rnformahon needs (see Table 0 1 below) Volume II
presents the factual basIs for the program, rncludrng the detailed descnphons of
two lffiportant components of the program (1) modelrng and (2) data management
and rnformahon transfer Table a 1 Idenhfies the queshon addressed by each
chapter and the products provIded The OvervIew FIgure, followrng the table,
illustrates the structure of the GEM Program Document

Table 0 1 Contents of the GEM Program Document

Chapter Title & Question Addressed

Volume I-Strategic Plan for Momtormg and Research

VISion

Why do thIS and what do we hope to
achIeve?

Products

MISSion and goals

Program context

2

3

4

5

6

Human Uses and ActiVIties

What are the human actIvItIes m the regIon
and theIr potentIal Impacts?

GEM Information Needs

What mformatlOn do we need?

Program Components and Strategies

How can we get the mformatlOn we need?

MOnitOring Plan & Research Agenda

What are we gomg to do to get the
mformatlOn when WIll we do It and WIth
whom?

Program Management

What are the processes and polICIes for
momtonng and research?

Issues of concern to the Trustee
Council and public

SpecifiC questions and
information needs

Key components and
Implementation strategies

Starting POint for Implementation
process

The Gulf Ecosystem MOnitoring
and Research Program

Volume II-The Historical Legacy BUlldmg Blocks for the Future

BUilding on Lessons of the Past Past experience

What do other regIOnal manne sCIence Hypotheses and strategies
programs have to teach us?

I

"-----'

2

3

Llngenng Effects of the Oil Spill

What does expenence from the 011 spIll teach
us?

SCientific Background

What IS publIshed that can help us?

Past experience

Current knowledge of the Gulf
of Alaska

General research questions

OVERVIEW
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Chapter Title & Question Addressed Products

1\

4

5

6

A

B

C

D

E

OVERVIEW

Conceptual FoundatIon

How do we thmk the ecosystem works?

ModelIng

What IS the role of modelmg m GEM
Implementation?

Data Management and Information Transfer

What are the roles of data management and
mformatlOn transfer m GEM ImplementatIOn?

Appendix A Fish and Invertebrate Species
from 1996 Trawl Survey of
the Gulf of Alaska

Appendix B North Pacific Models of the
Alaska Fisheries SCience Center and
Selected Other OrganIzations

Appendix C Gulf Ecosystem MOnItoring and
Research (GEM) Database

Appendix D Glossary of EXIstIng Agency
Programs and Projects

Appendix E Acronyms and Web LInks

Central hypothesIs and
questions

Modeling definItions and
options for program
Implementation

Data management and
Information transfer options for
program Implementation
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Scientific background &
general research questions

Gap Analysis

Figure 0.1. An overview of the structure of the GEM program document showing the relation of
key concepts to the habitat types and the schedule of implementation
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~) 1. BUILDING ON THE LESSONS OF THE PAST

In Thts Chapter

:> Background on other relevant programs

:> Studtes supported by Trustee Councll fundmg

The GEM program IS not the frrst attempt to look at large areas of Alaska's
marme ecosystems from a broader perspecbve The Exxon Valdez Oll Spill
~estorabonProgram, as well as a number of other programs, prOVIdes valuable

gmdance

As explamed m Volume I, long-term enVIronmental morutormg and ecosystem
studtes will be designed to mcrease our understandmg of the biolOgical processes
of the spill area ecosystem m the context of natural forces and human acbVlbes

1.1 Alaska Regional
Marine Research Plan
(1993)lJ'

The Alaska ReglOnal Manne Research Plan (ARMRP)
(1993) IS a marme scrence planrung documentWlth
a broad geograpmc scope that was prepared
under the US Regional Marme Research Act of
1991 For all marme areas of Alaska, mcludmg the

GOA, the plan proVided ftve elements of mterestfo the GEM program

1 An overview of the status of marme resources,

2 An mventory and descnpbon of current and
anbClpated marme research,

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

Goals ofother major
programs are relevant

to the GEM effort

4 An assessment of how the research and
morutormg acbvttJ.es under the program take advantage of eXlSbng
proJects, and

5 Descnpbons, bme tables, and budgets for research and morutormg to be
conducted under the program

ARMRP goals express the sClenbftc needs of the Alaska region as of 1992 and are
sbll relevant to the GEM effort because they will accomplISh the followmg

• DISbnguISh between natural and human-mduced changes m marme
ecosystetns of the Alaska region,

VOLUME II, CHAPTER 1 1



1.2 Bermg Sea
Ecosystem Research
Plan (1998)

1.3 GLOBEC (1991 to
Present)

G
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• Dtsbngwsh between natural and human-mduced changes m water qualIty
of the Alaska regIon,

• Sbmulate the development of a data gathermg and sharmg system that will
serve sCIentlsts m the regIon from government, academIa, and the prIvate
sector m dealmg WIth water qualIty and ecosystem health ISSUes, and

• PrOVIde a forum for enhancmg and marntammg broad dISCUSSIOn among
the marme SCIentIfIc commuruty on the most dIrect and'effechve way to
understand and address ISsues related to rnamtammg the health of the
water qualIty and ecosystem health m the regIon

The Bermg Sea has receIved a good deal of
attenhon because of concern about long-term
declmes m populahons of hIgh-profIle specIes
such as kIng and tanner crab, Steller sea hons,
spectacled elder, Steller's elder, common murres,

\

thIck-billed murres, and red-legged and black-legged kIthwakes (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 produchve, ecolOgIcally dIverse Bermg Sea
ecosystem that will proVIde long-term, sustaIned benefIts to local commuruhes and
the nahon" 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 produchvlty of the Bermg
Sea

• Human Impact leads to envIronmental degradahon, mcludmg mcreased
levels of contammants, loss of habItats, and mcreased mortalIty on certaIn
SpecIes m the ecosystem that may trIgger changes m specIes composlhon
and abundance

In addIhon, four of the research themes of the Bermg Sea plan-vanability and
mechanISms m the phYSICal envIronment, mdIvidual speCIes responses, food web
dynamICS, and contamInants and other mtroduchons-are closely alIgned WIth the
conceptual foundahon of the GEM program (see Chapter 4, Volume II) 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 4, Sechon 4, Volume 1)

The ScIentIfIc COffiffilttee on Ocearuc Research
(SCOR) and the Intergovernmental
OceanographIc COffiffilSSIOn (lOC) establIShed the
Global Ocean Ecosystem DynamICS (GLOBEq

program m late 1991 GLOBEC IS the core project of the Internahonal Geosphere
BIosphere Programme responsIble for understandmg how global change will affect
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~ abundance, dtverslty, and producb.Vlty of manne populabons The program
Vi focuses on the regulatory control of zooplankton dynanucs on the bIOmass of many

fIsh and shellf1sh

The GLOBEC Science Plan (U S GLOBEC 1997) descnbes an approach that uses
a combmabon of held observabons and modelmg to concentrate on the llliddle and
upper trophIc levels of the ecosystem The GLOBEC goal 18 as follows liTo

advance our understandmg of the structure and funcbonmg of the global ocean
ecosystem, Its major subsystelTIS, and Its response to phYSical forcmg so that a
capability can be developed to forecast the responses of the manne ecosystem to
global change 11

1 4 SCientific Legacy of
the Exxon ValdezOIl
Spill (1989 to 2002)

i

\J

The overarchmg concept 18 that manne and terrestnal ecosystelTIS have close
connecb.ons among energy flow, chelllical cyclmg, and food web structure GEM
momtonng acbvlbes will be consl8tent With these addtbonal GLOBEC concepts

• Changes m abundances of bIrds, fIsh, shellf1sh, and mammals (hIgher
trophIc levels) usually reflect changes ill phySical and chelllical processes,

• The actual effects on abundances of hIgher trophIc level anImals may
depend on how these phySical and chelllical changes act on food
producb.on through effects on lower trophIc level species,

• Changes m the dOlllinant species at each trophIc level are COnsiStent With
changes m the phySical and chelllical SyStelTIS, and

• Understandmg how the dOlllinant species at each trophIc level change
through bIDe requIres knowledge of the energy and nutnent budgets of the
ecosystem

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 18

based to the extent pOSSible on knowledge of the
resource's role m the ecosystem The Trustee Councrl's screnbflc legacy creates the
need to understand the causes of populabon trends m mdtvldual species of plants
and anImals through bIDe and the need to dlSbnqUl8h human lffipacts from those
of cllffiate and mteracbons With related species

The studies supported by the Trustee Council smce 1989 mclude more than 1,60
damage assessment studies cosbng more than $100 milllon, as well as hundreds of
restorabon studies cosbng approXlmately $170 milllon These studtes have resulted
m more than 400 peer-reviewed screnbflc pubhcabons, mcludmg numerous
dlSsertabons and theses In addtbon, hundreds of peer-reVlewed project reports
are available through the Alaska Resources Library and Informabon Services
(ARUS) and state and umverslty hbrary systelTIS Many flnal reports are available
m electromc format through the Trustee Councrl offices or ARUS A current
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electromc blbltography of SCIentIfIc publtcatIons sponsored by the Trustee Council
IS available on Its Web SIte (WWW oIlspill state ak us) or on request to the Trustee
Council (EVROTCB 2001) A lISt of Trustee Council projects, as well as a complete
lISt of fmal and annual project reports, also IS available on the Web SIte or on
request (EVROFAB 2001)

In addItIon to much specIfIc mformatIon on the effects of oil on the plant and
anIffialltfe 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 theu 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 dISclpltnes 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, Sallillty, and
temperatures These observatIons have made It possIble to model how phYSICal
factors mfluence productIon of plant and anImal plankton, prey, and predators m
the food web

The Nearshore Vertebrate Predator (NVP) project IS a SIx-year, $6 5 millIon
study of factors ltmItIng recovery of two fIsh-eatIng speCIes, nver otters and pIgeon
guillemots, and two mvertebrate-eatIng speCIes that mhablt 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
mdlcator specIes, and has contnbuted to mcreased understandmg of the ltnkages
between terrestrIal and marme ecosystems (see Chapter 3, SectIon 2, Volume II)

The Alaska Predator Ecosystem Expenment (APEX) IS an eIght-year,
$10 8 millIon study of ecolOgIcal relatIons among seabuds and theIr prey speCIes
The APEX project explored the cntIcal connectIon between productIvltIes of marme
bud populatIons and forage fIsh specIes, m an attempt to understand how WIde
rangmg ecolOgIcal changes ffilght be related to fluctuatIng seabud populatIons In
addItIon, analyzmg the food of marme buds shows proffilSe m proVldmg
abundance estImates for key fIsh speCIes, such as sand lance and hernng

The followmg topICS also have been covered by other Trustee Council-funded
studIes and the results are available m publIShed SCIentIfIc ltterature

• PhYSICal and bIOlOgIcal oceanography,

•

~J

4

Manne food web structure and dynaIDIcs,

• Predator-prey relatIonshIps among buds, fIsh, and mammals,
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• The source and fate of carbon among species,

• Developmental changes m tropluc level Wlthm species,

• Manne growth and SurvIVal of salmon,

• Interbdal commumty ecology, and

• Early ltfe lustory and stock structure m herrmg

Many studies have focused on key mdlvldual species mJUred by the ou 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-species mveshgahons 15 the
$14 millton smte of pmk salmon studtes These mc1ude momtonng the toXic effect
of 011, conduchng genehc studtes related to SUrvIval, and supplementIng select
populahons Another extensive senes of studtes was done on Pactftc herrmg
Roughly $6 millton has been spent on the restorahon of Pactftc herrmg m addthon
to the fundmg for the herrmg component of SEA Smce the crash of 1993, the
populahon has yet to recrwt a lughly successful post-spill year-class Current
mveshgahve strategtes are focused on the full range of causes of the crash, such as
dlSease and ecologtcal factors, mc1udmg the effects of oceanograpluc processes on
year-class strength and adult dlStnbuhon

More than $5 millton has been spent on the restorahon of manne mammals,
pnmaruy harbor seals, a major source of subslStence food m the diet of Nahve
Alaskans m the northern GOA Harbor seal populahons were declmmg before the
spill, took a big lut at the hme of the spill event, and have contInued to dec1me ever
smce, although the rate of declme seems to have slowed Food availabulty 15 the
major focus of current research, because dtsease and other factors have been ruled
out as causes
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~ 2. LINGERING EFFECTS
OF THE EXXON VALDEZOIL SPILL

In Thts Chapter

~ Descnphon of the Exxon Valdez ou spill

~ Background of restorabon fundmg

~ Concerns and how they are bemg addressed

On March 24,1989, the TJV Exxon Valdez ran aground on Bhgh Reef m PWS,
spillmg almost 11 nulhon gallons of North Slope crude ou The event was the
largest tanker spill m U S lustory, contammabng about 1,500 nules of Alaska's
coastlme, killmg bIrds, mammals and fIsh, and d18rupbng the ecosystem m the
path of the spreadmg ou

In 1991 Exxon Corporabon agreed to pay the Umted States and the State of
Alaska $900 nulhon over 10 years to restore, replace, enhance, or acquIre the
eqmvalent of natural resources mJUred by the spill, and the reduced or lost human

\. ~J servIces they proVIde (Umted States of Amenca and State of Alaska 1991) Under
the court-approved terms of the settlement, the Trustee CounCIl was formed to
admmlSter the restorabon funds Twelve years after the spill, total recovery has sbll
not been achIeved Table 21 hsts resources and the status of theIr recovenes

There are two maID concerns about the hngermg effects of oI1mg from the 1989
EVOS The fIrst 18 the potenbal effect of pockets of reSIdual ou m the enVIronment
Laboratory studIes have shown that contact WIth petroleum hydro~arbonsfrom
weathered ou, even m very small amounts, can kill or harm early hfe stages of pmk
salmon and PacIfIc herrmg It 18 not yet known, however, whether such effects are
actually occurnng to any sIgmf:tcant degree m PWS or at other locahbes With
resIdual ou T18sue 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 mdIV1dual anImals or at the populabon level

The second concern 18 the abuity of populabons to fully recover by overcommg
the changes m the populabon dynamICS resulbng from the Imbal ou-related
mortalIbes and the mteracbon of these effects WIth those of other kmds of changes
and dISturbances m the marme ecosystem Changes m populabon dynamICS are
mdIcated by changes m the age dIStnbubon m the populabon or abundance,
among other metncs Sea otters around northern Krught Island are an example of a

LJ specIes that have expenenced prolonged changes m populabon dynamICS m
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Table 2 1 Status of Resources Injured by the Exxon Valdez 011 Spill
as of March 1999

Not Recovermg

Common loon

Cormorants
(3 Species)

Harbor seal

HarleqUin duck

KJller whale (AB
pod)

Pigeon gUillemot

Recovermg Recovered

Archaeological Bald eagle
resources

Black oystercatcher River otter

Clams

Common Murre

Intertidal communities

Marbled murrelet

Mussels

PaCific hernng

Pink salmon

Sea otter

Sediments

Sockeye salmon

Subtidal commUnities

Recovery Unknown

Cutthroat trout

DesIgnated Wilderness
Areas

Dolly Varden

KJtthtz s murrelet

Rockfish

The follOWing Injured human services are considered to be recovenng commerCial fishing
passive use recreation and tourism and subSistence

the heavIly oIled western porbon of PWS The combmed effects of the oIl spill and
the 1998 EI NIfio event on abundance of common murres m the Barren Islands IS an
example of possIble mteracbve, or cumulabve, Impacts Another example IS how
the negabve Impacts of changes m the avatlability of forage fIshes may have
combmed WIth oIl-related mortahbes to mterfere WIth the rate of recovery of
seabIrds, such as the pIgeon guillemot

Durmg the next several years, studIes of lmgermg oIl spill mJury and recovery
will mcreasmgly be mcorporated m long-term enVIronmental morutormg and
ecosystem studIes These long-term studIes are expected to mcrease our
understandmg of the bIOlOgIcal processes of the spill area ecosystem m the context

of natural forces and human acbvlbes, mcludmg the oIl
spill Some oIl-spill-morutormg acbvlbes, (such as reSIdual

Long-term envIronmental oIl m the envIronment) may be repeated penodlcally as may
mOnltormg andecosystem studIes be mdIcated by mformabon developed m the long-term

WIll be deSIgned to mcrease studIes
our understandmg of

the bIologIcalprocesses of When evaluabng lmgermg effects of the oIl spill, It IS
the spIll area ecosystem m Important to bear m nurid that not all sClenbhc results from

the contextofnatural forces the NRDA and Trustee CouncIl mvesbgabons are avatlable
and human actlVlttes yet Although the oIl spill occurred more than a decade ago,

results of studIes are sbll bemg publIShed on a regular basIS
The Trustee CouncIl database of peer-revIewed pubhcabons and theses resulbng

\. _/ from Its oIl spill mvesbgabons currently contams more than 400 cltabons
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(EVROTCB 2001) New publtcabons from ou spill mvesbgabons are expected for at
least the next three years In addlbon, much addlbonal detatled data that cannotbe
publtshed m peer-reViewed ltterature because of space hmltabons 18 bemg added m
the form of ftnal reports from ou spill mvesbgabons (EVROFAB 2001) It will be a
number of years after the complebon of the ou spill restorabon mvesbgabons
before this mformabon 18 fully available
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I"-.J 3. SCIENTIFIC BACKGROUND

In ThIS Chapter

~ DescnptIon of the sCientIfIc understandmg of the Gulf of Alaska

~ IdentIfIcatIon of physical, chenucal, and biolOgical characterIStIcs

~ DisCUSSion of changes m populatIons, predators, and prey

NOTE An execubve summary wIll be added at the begmnmg of thIs chapter

The GOA encompasses watersheds and waters
3 1 The Gulf of Alaska south and east of the Alaska Penmsula from Great

Sltkm Island (176° W), north of 52° N to the
Canadian mamland on Queen Charlotte Sound (12~ 30' W) Twelve and a half
percent of the contInental shelf of the Umted States hes Wlthm GOA waters (Hood
1986)

The area of the GOA drrectly affected by the EVOS (FIgure 31) encompasses
"---.... broadly dIverse terrestnal and aquatIc envrronments Wlthm the four broad

habitat types of the watersheds, mtetttdal-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 tills region

(
\., I
'--

Human uses of the GOA are extensIve The GOA 18 a major source of food and
recreatIon for the entIre natIon, a source of traditIonal foods and culture for
mdlgenous 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, ftsh, and wtldhfe and 18 a source of beauty and tnsprratIon to
those who love natural thmgs

The eastern boundary of the GOA 18 a geolOgically young, tectomcally actIve
area that contams the world's thrrd largest permanent lcefteld, after Greenland and
AntarctIca Consequently, the watersheds of the eastern boundary of the GOA he
m a senes of steep, high mountam ranges GlaClers head many watersheds m tills
area, and the eastern boundary mountams trap weather systems from the west,
makmg orographic, or mountam-duected, forcmg lffiportant 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 Paclftc Coast (10,290 feet [ft]), St Ehas (18,000 ft), and Wrangell
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(16,390 ft) Northern boundary mountaIn ranges from east to west are the Chugach
V (13,176 ft), Talkeetna (8,800 ft), and Alaska (20,320 ft) The western boundary of the

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, ChIlkat, ChIlkoot, 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 trIbutarIes of
Cook Inlet, the KenaI and the Kasilof, ongmate on the KenaI Penmsula The KenaI
Penmsula hes between PWS, the northern GOA and Cook Inlet Cook Inlet's
largest northern trIbutary, the Susltna RIver, has headwaters m the Alaska Range
on the slopes of North Amenca's hIghest peak, Mt McKmley Movmg southwest
down the Alaska Penmsula, only two major nver systems are found on the western
coastal boundary of the GOA, the Crescent and ChIgruk, 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

~J Karluk, Red, and Frazer

The nature of the terrestrIal boundanes of the GOA IS Important m deftnmg the
processes that dnve bIOlOgIcal productIon m all enVIronments As descnbed m
more detaIl below, the Ice cap and the eastern boundary mountams create
substantIal freshwater runoff that controls salmIty m the nearshore GOA and helps
dnve the eastern boundary current The eastern mountams slow the pace of and
deflect weather systems that mfluence prodUCtIvIty m freshwater and marme
enVIronments

The GOA shorehne IS bordered by a contInental shelf rangmg to 200 meters (m)
m depth (FIgure 3 2) ExtensIve and spectacular shorehne has been and IS bemg
shaped by plate tectomcs and masSIve glacIal actIVIty (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 AleutIan 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 AleutIan Trench Just west of Ummak Pass The contInental shelf IS mClSed by
extensIve valleys or canyons that may be Important m cross-shelf water movement
(Carlson et al 1982), and by very large areas of drowned glaCIal morames and
slumped sedIments (Molma 1981)
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Figure 3.2 Satellite radar image of the northern Gulf of Alaska. Continental
shelf, seamounts, and abyssal plain can be seen in relief. (Composite image
from Sea-viewing Wide Field-of-view Sensor [SeaWiFSj, 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 extratroplcal cyclones These storms typically
form well to the south and east of the regIOn over the warm waters of the central
North Pacmc Ocean and propagate northwestward mto the cooler waters of the
GOA (LUIck et al 1987, Wllson and Overland 1986) Eventually these storms make
landfall m Southcentral or South east Alaska where theIr further progress IS
lIDpeded 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 extratroplcal
storms found there

The rugh probablhty of cyclomc dISturbances m the northern GOA IS slgnmcant
to the local weather and c1lmate of PWS AsSOCiated With these storms are large
offshore-drrected, low-level pressure gradIents (bghtly packed ISobars roughly
parallel to the coast) Dependmg on other factors (such as stabc stability, upper
level wmd pro&1e) these gradIents can produce strong gradient-balance wmds
parallel to the coastlme or downslope (offshore-drrected) wmd events (Macklm et
al 1988) Further, because of the complex glacially sculptured nature of the terram
m PWS, several regIOns expenence slgnmcant upslope wmds m certam favorable
storm sltuabons ThIS wmd conflgurabon, m concert With steep terram and nearly
saturated, low-level arr masses, produces the local extreme m preclpltabon
responsible for bdewater glacrers of PWS

The combmabon of general stormmess, slgnmcant wmdmess (and conconutant
wave generabon), and orograprucally enhanced precrpltabon are essenbal features
of the northern GOA and PWS, and have a strong lIDpact on the vanety and
composlbon of the bIOta thIs regIOn supports In addlbon, the annual melbng of
seasonal snowfall accmnulabons, m combmabon With glacial ablabon, IS
responsible for the bulk freshwater mput mto PWS In thIs context, any changes m
cllIDate-naturally mduced or anthropogemc-that substanbvely alter the frequency
and durabon of these common yet transient weather features should also affect
related parts of the regIOn ecosystem In the followmg dISCUSSIOn, the factors
responsible for c1IIDate change are IdentIfled and explamed on a general level m
preparabon for specmc relabonsrups among c1IIDate, phYSical, and cheIDlcal
oceanography, specres, and groups of specres that follow Chmate IS recogmzed to
be a major natural force mfluencrng change m bIOlOgical resources

The GEM nusslon IS to promote, " greater understandmg of how Its
producbvlty IS mfluenced by natural changes and hmnan acbvlbes" (EVOSTC
2000) Chmabc forcrng IS an lIDpOrtant natural agent of change m the region's
populabons of bIrds, fIsh, maIDInals, and other plant and anIIDa1 species (Hare et
al 1999, Mantua et al 1997, Anderson and Platt 1999, FranCIS et al 1998) Human
acbvlbes, or anthropogemc forcrng, may have profound effects on cllIDate There IS
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growmg eVIdence that human achVIhes producmg "greenhouse gases" such as
carbon dIoxIde may contnbute to global clImate change by altenng 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 detennmants of clImate change descnbed m thIs sechon

Chmate 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 IIvmg 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, arr 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 mtensity 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 arr 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 controlling the amount of solar radiahon that reaches earth,
or Insolahon (Rutherford and D'Hondt 2000) OImate also depends on the amount
of global Insolahon and the proporUon of the Insolahon stored by the atmosphere,
oceans, and bIOlOgical systems (SIgman and Boyle 2000) Changes m clImate and
bIOlOgical systems occur through phYSICal forcmg of controlling factors, such as
solar radIahon, strength of lunar InlXffig of water masses, and patterns of ocean
crrculahon 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 requIres sorong out the effects of phYSICal
forcmg factors that operate SImultaneously at dIfferent penods PenodIcIhes of
phYSICal forcmg on factors potenhally controlling clImate and bIolOgical systems
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)
Idenb.fIed penods of 50 and 20 years m an analysIS of the North PacIfIc Index (NPI)
(FIgure 3 3) (Mmobe 1999)) The NPI IS a b.me senes of geographIcally averaged
sea-level pressures represennng a umvariate (dependmg on only one random
vanable) measure of locahon for the Aleuhan Low (Trenberth and Hurre11994)
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Figure 3 3 FIltered NPI (toP) m the wmter-sprlng wmter and spring seasons NPI IS

shown m hectoPascals a measure of barometric pressure at sea level The green curves
mdlcate the 10- to aD-year band-pass filtered NPI data the red curves mdlcate the 10- to
3D-year band-pass filtered (bldecadal filtered) NPI data and the blue curves mdlcate the
30- to aO-year, band-pass filtered NPI data Source Mmobe 1999
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Advances and retreats of Iceftelds and glaCIers mark major changes m weather
and bIOlogy Changes m the seasonal and geograpluc dIstrIbunon of solar
radlanon are thought to be pnmarI1y responsIble for the penodIc advance and
recessIon of glaCIers dunng the past 2 nulhon years (Hays et al 1976) The amount
of solar radIanon reachmg earth changes penodIcally, or oscillates, m response to
vananons m the path of the earth's orbIt about the sun Geograpluc and seasonal
changes m solar radIanon caused by penodIc vananons m the earth's orbIt around
and onentanon toward the sun have been labelled "MIlankovIch cycles," wluch are
known to have charactensnc frequenCIes of 100,000, 41,000, and 23,000 years
(Berger et al 1984) Slufts m the penodIcIty of long-tenn weather patterns
correspond to slufts from one MIlankovIch cycle to another How and why slufts
from one MIlankoVIch cycle to another occur are among the most Important
quesnons m paleoechmate research (Hays et al 1976, Rutherford and D1Hondt
2000)

3.2 2 Long Time scales

3.2.2.1 Orbital Eccentricity and Obliquity
Slufts m the penodICIty of glaCIanon from 41,000 to 100,000 years between 1 5

and a 6 mIllIon years before present (Myr bp) emphasIZe the Importance of the
annosphere and oceans m translabng the effects of phYSICal forCIng mto weather
cycles GlaCIal cycles may have In1nally slufted from the 41,00o-year penod of the
"oblIqmty cycle" to the 100,00o-year penod of the "orbItal eccentrICIty" perhaps
caused In1nally; by changes m the heat flux, from the equator to the lugher lantudes
(Rutherford and DHondt 2000) (OblIqmty IS the angle between the plane of the
earth's orbIt and the equatonal plane) Accordmg to the theory advanced by
Rutherford and D'Hondt (2000), mteracnons between long-penod phYSICal forCIng
(MIlankovIch cycles) and shorter-penod forcmg (preceSSIon) may have been a key
factor m lengthenmg the b.me penod between glacIanons m the transInon penod of
1 5 and a6 Myr bp TransInons from glaCIal to mterglaclal penods may be
trIggered by factors such as the rmcronutrIent Iron (Marbn 1990) that control the
acnVIty of the bIOlOgIcal pump m the Southern Ocean, descnbed below

Theones about regulanon of heat flux from the equator to northern lantudes
are central to understandmg clImate change For example, the heat flux that occurs
when the Gulf Stream moves equatonal warmth north to surround the Umted
Kmgdom, Iceland, and Northern Europe defmes comfortable human lIfe styles m
these countrIes Anythmg that dISrupts thIs heat flux process would drasncally
alter clImate m Northern Europe

3.2.2.2 DayLength
Day length IS mcreasmg by one to two seconds each 100,000 years pnmanly

because of lunar ndal acb.on (U 5 Naval Observatory [USNO]) Understandmg the
role of day length m clImate vananon IS problemanc because the rotanonal speed
of the earth cannot be predIcted exactly due to the effects of a large number of
poorly understood sources of vananon (USNO) Short-tenn effects are probably
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/"- mconsequenhal bIOlogIcally, because vanahons m daIly rotahonal speed are very
U small, but cumulahve effects could be more substanhal m the long term

3.2.2.3 Carbon Cycling and the BiologicalPump
Changes m the amount of solar rachahon avaIlable to dnve phYSICal and

bIOlogIcal systems on earth are not the only causes of chmate oscrllahons m the
GOA, or elsewhere m earth Of cnhcalImportance to lIfe on earth, changes m
Insolahon result m changes m the amount of a "greenhouse gas," carbon dIOXide m
the ahnosphere resulhng from changes m phYSICal propemes, such as ocean
temperature, and due to bIologIcal processes collechvely known as the bIOlOgIcal
pump (ChIsholm 2000) The Importance of the bIOlOgIcal pump m determmmg
levels of ahnosphenc carbon choXIde IS thought to be substanhal, smce the dIrect
phYSICal and chemIcal effects of changes m Insolahon on the carbon cycle alone
(SIgman and Boyle 2000) (FIgure 34) are not suffICIent to account for the magmtude
of the changes m ahnosphenc carbon choXIde between major clImate changes, such
as giaciahons

The BIOlogtcal Pump PhOtoSynthesIS and resprrahon by manne plants and
arumals play key roles m the global carbon cycle by "pumpmg" carbon choXIde
from the ahnosphere to the surface ocean and mcorporahng It mto orgaruc carbon
durmg photosynthesIS Orgaruc carbon not hberated as carbon choXIde durmg
resprrahon IS "pumped" (exported) to deep ocean water where bactena convert It

~ to carbon choXIde Over a penod of about 1,000 years, ocean currents return the
U deep water's carbon chOXIde to the surface (through upwellmg) where It agam

drIves photosynthesIS and ventIlates to the ahnosphere The degree to whIch thIS

deep-water's carbon dIOXIde IS "pumped" back mto the ahnosphere or "pumped"
back mto deep water depends on the mtensity of the photosynthehc achVlty, whIch
depends on avaIlabIhty of the macronutnents phosphate, mtrate, and silicate, and
on mIcronutnents such as reduced rron (ChIsholm 2000)

Areas where mtrates and phosphates do not hmIt phytoplankton produchon,
such as the Southern Ocean (600 S), can have very large effects on the global carbon
cycle through the achon of the bIOlOgIcal pump When shmulated by the
mIcronutnent rron, the bIOlOgIcal pump of the Southern Ocean becomes very
strong because of the presence of ample mtrate and phosphate to fuel
photosynthesIS, as demonstrated by the Southern Ocean rron release expenment
(SOIREE) at 610 S 1400 E m February 1999 (Boyd et al 2000) SOIREE shmulated
phytoplankton produchon m surface waters for about two weeks fuang up to
3,000 metnc ton (mt) of orgaruc carbon Although It has not been demonstrated
that "rron ferhhzahon" mcreases export of carbon to deep waters (ChIsholm 2000),
It clearly does enhance surface produchon The Southern Ocean and much of the
GOA share the qUalIty of bemg "hIgh mtrate, low chlorophyll" (HNLC) waters, so
It IS temphng to speculate that rron would play an Important role m controllmg
produchon, If not export produchon, m the GOA
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The Carbon Cycle An accounbng of changes m the amount of carbon m each
component of the earth's terrestnal and ocean carbon cycles (SIgmon and Boyd,
FIgure 3 4), as mfluenced and represented by the phYSICal and chemIcal factors of
ocean temperature, dISsolved morgamc carbon, ocean alkalIruty, and the deep
reservOIr of the nutnents phosphate and rutrate, has to mcorporate changes m the
strength of the ocean's bIolOgical pump to be complete (SIgInan and Boyle 2000)
The amount of atmosphenc carbon diOXIde decreases dupng glaCIal penods
Because physical-chemIcal effects do not fully account for these changes, the rulmg
hypothesIS IS that the bIolOgical pump IS stronger dunng glaCiatIons But why
would the bIolOgical pump be stronger dunng glacIatIons? '

Two leadmg theones explam decreases m atmosphenc carbon dIOXIde by
means of mcreased actIvIty lJl the ocean's bIolOgical pump durmg glaCiatIons )
(SIgman and Boyle 2000) Both theones explam how mcreased export productIon
of carbon from surface waters to long-tenn storage m deep ocean waters can lower
atmosphenc carbon diOXIde durmg glacral penods The Broecker theory develops
mecharusms based on mcreasmg export from low- to mId-latItude surface waters
(Broecker 1982, McElroy 1983), and the second theory relIes on high-latItude export
productIon of drrect relevance to the GOA Patterns and trends m nutnent use m
high-latItude oceans, such as the GOA, where nutnents usually do not 11ffi1t
phytoplankton productIon, could hold the key to understandmg clImate
oscrllatIons

G 3.2.2.4 Ocean Circulation
Because of the heat energy stored m seawater, oceans are vast mtegrators of

past clImatIc events, as well as agents and buffers of clImate change Wmd,
precIpItatIon, and other features of clImate shape surface ocean currents (WIlson
and Overland 1986), and ocean currents m tum strongly feed back mto clImate
Deep ocean waters dnven by thermohalIne CIrculatIon m the AtlantIc and southern
oceans mfluence arr temperatures over these portIons of the globe by transportmg
and exchangmg large quantItIes of heat energy WIth the atmosphere (peIXOto and
Oort 1992) Patterns of thermohalme (affected by salt and temperature) ocean
CIrculatIon probably change durmg penods of glaCiatIon (Lynch-StIeglItz et al
1999) The nature of changes m patterns of thermohalme CIrculatIon appear to
determIne the duratIon and mtensity of clImate change (GanopolskI and Rahmstorf
2001) Although the clImate of the GOA IS not dIrectly affected by thermohalIne
CIrculatIon, clImate m the GOA IS mfluenced by thermohalIne CIrculatIon through
clImatIc lInkages to other parts of the globe

TeleconnectIon between North PacIfIc and the TropIcal PacIfIc can penodIcally
strongly mfluence levels of coastal and mtenor preCIpItatIon Because changmg
patterns m precIpItatIon alter the expreSSIon of the ACC (FIgure 3 5), which IS
largely dnven by runoff (Royer 1981a), penodically changmg weather patterns
such as the PacIfIc Decadal OscrllatIon (PDO) and the El Nrfi.o Southern OscrllatIon
(ENSO) can profoundly alter the CIrculatIon and bIology of the GOA (See

L' SectIon 3 223 )
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Figure 3.5 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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The effects of the cool ACC and the warmer Alaska Stream moderate arr
temperatures GOA ocean temperatures are Important m determmmg clImate m
the fall and early wmter m the northern GOA and may be mfluenbal at other bmes
of the year Because the cool glacIally mfluenced waters of the ACC moderate arr
temperatures along the coast, the strength and stability of the ACC are Important m
determmmg clImate

3.2.3 Multl-decadal and Multi-annual Time Scales

3.2.3.1 Precession andNutation
Short penod changes m the seasonal and geographic dIstnbubon of solar

radiabon are also due to changes m the earth's onentabon and rotabonal speed
(day length) (Lambeck 1980) WobblIng (precessIOn) and noddmg (nutabon) of the
earth as It spms on Its axIS are pnmanly due to the flwd nature of the abnosphere
and oceans, the gravitabonal attracbon of sun and moon, and the uregular shape of
the planet

Small penodic varIabons m the length of the day occur WIth penods of
18 6 years, 1 year, and 60 other penodIc components The penodIc components are
due to both lunar and solar bdal forcmg In addIbon to Its effect on day length,
lunar bdal forcmg WIth a penod of 18 6 years has been asSOCIated With hIgh
labtude clImate forcmg, penodIc changes m mtensity of transport of nutrIents by
bdal nuxmg, and penodic changes m fIsh recrwbnent (Royer 1993, Parker et al
1995) BIOlOgical and phYSICal effects of the lunar bdal cycle may extend beyond
effects asSOCiated WIth bdal ffilXffig About one-thIrd of the energy mput to the sea
by lunar forcmg serves to nux deep-water masses With adjacent waters (Egbert and
Ray 2000) Oscillabons m the lunar energy mput could contrIbute to oscillabons m
bIOlOgical producbvity through effects on the rate of transport of nutrIents to
surface waters The lunar bdal cycle appears to be approXImately synchronous
WIth thePDO

Contemporary clImate m the GOA IS defIned by large-scale abnosphenc and
oceamc crrculabon on aglobal scale Two penodIc changes m ocean and
abnosphenc condIbons are partIcularly useful for understandmg change m the
clImate of the GOA, the PDO and the ENSO Although weather patterns m the
Arcbc and north Atlanbc are also correlated WIth weather m the North PacIfIc,
these relabons are far from clear The POO, ENSO, and other patterns of clImate
vanability combme to give the GOA a vanable and somebmes severe clImate that
serves as the mcubator for the wmter storms that sweep across the North Amencan
conbnent through the Aleuban storm track (Wilson and Overland 1986)

Increased understandmg of the POO has been made possIble by SImple yet
highly descnpbve mdices of weather, such as the NPI These mdices are dIScussed
below Changes m the annual values of these mdIces led to the reahzabon that
weather condIbons m the GOA somebmes change sharply from one set of average
condibons to a dIfferent set durmg a penod of only a few years These rapId
clImabc and oceanographic regIme shifts are asSOCiated WIth sImIlarly rapId
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changes In the arumals and plants of the regIon that are of VItal mterest to
government, mdustry, and the general publlc

3.2.3.2 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 seffil-permanent atmosphenc pressure regIons dOffilTIatmg chmate
m the northern GOA-the Sibenan and East Pacilic hIgh-pressure systems and the
Aleutian Low pressure system These regIons have varIable, but charactenstIc,
seasonal locations A proffilTIent feature of the PD~ and the chmate of the GOA 18
the Aleutian Low, for whIch average geographIc location changes penoillcally
durmg the wmter Wmterbme location of the Aleutian Low affects ocean
cuculatIon patterns and sea-level pressure patterns It 18 charactenstIc of two
chmatIc regtmes a southwestern locus called a negative PDO regtme (as m 1972)
and a northeastern locus called a poSItive PD~ (1977) (FIgures 3 6 and 3 7) The
location of the Aleutian Low m the wmter appears to be synchromzed With annual
abundances and strength of recrwtment of some fIsh specIes (Hollowed and
Wooster 1992, FranC18 and Hare 1994) The Aleutian Low pressure system averages
about 1,002 milllbars (Favonte et al 1976),18 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 Hurrel1994)

The PD~ 18 stuilled WIth multiple millces, mcludmg the anoma1les of sea level
pressure (as m the NFl, whIch 18 d18cussed below), anomalles of sea surface
temperature, and wmd stress (Mantua et al 1997, Hare et al 1999) The PDO
changes, or oscrllates, between pOSItive (warm) and negative (cool) states
(FIgures 3 8 and 3 9) In decades of poSItive PDOs, below-normal sea surface
temperatures occur m the central and western North Pacilic and above normal
temperatures occur m the GOA An mtense low pressure 18 centered over the
Alaska Penmsula, resultmg m the GOA bemg warm and wmdy WIth lots of
preCIpItation In decades of negative PDOs, the OppOSIte sea surface temperature
and pressure patterns occur
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Figure 3.6 Oceanic circulation patterns in the far eastern Pacific Ocean proposed for negative POO (left)
and positive POO (right). (Hollowed and Wooster 1992).
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Figure 3.7 Mean sea-level pressure patterns from the winters of 1972 (left) and 1977
(right). (From Emery and Hamilton 1985).
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The NPI, a umvanate bme senes represenbng the strength of the Aleuhan Low,
shows the same twenheth-century regunes defmed by the PDQ The NPI 18 the
anomaly, or devtahon from the long-term average, of geograplucally averaged sea
level pressure m the regton from 160 E to 140 W,30 to 65 N, for the years 1899 to
1997 (frenberth and Hurrel1994, Trenberth and Paolmo 1980) The NPI was used
to Idenhfy chmahc regunes m the twenheth century, for the years 1899 to 1924,
1925 to 1947, 1948 to 1976, and 1977 to 1997, and to explore the mterachons of short
(2o-year) and long (50-year) penod effects on the hmmg of regune slufts (Anderson
and Munson 1972) Negahve (cool) PDOs occurred dunng 1890 to 1924 and 1947 to
1976, and posIhve (warm) PDOs dommated from 1925 to 1946 and from 1977 to
about 1995 (Mantua et al 1997, Mmobe 1997) Mmobe's ailalYS18 of the NPI
IdenhfIed a characteflShc S-shaped waveform WIth a 50-year penod (smusOldal
pentadecadal) (FIgure 4) (Anderson and Munson 1972) HlS analYS18 pomted out
that rapId transIhons from one regune to another could not be fully explamed by a
smgle smusOldal-wavehke effect The speed WIth wluch regune slufts occurred m
the twenheth century led Mmobe to suggest that the pentadecadal cycle 18
synchroruzed or phase locked WIth another clImate vanahon on a shorter bldecadal
bme scale (Anderson and Munson 1972)

In addIhon to penomc and seasonal changes, there 18 eVIdence that the
Aleuhan storm track has slufted to an overall more southerly posIhon dunng the
twenheth century (RIchardson 1936, Klem 1957, Wluttaker and Hom 1982, Wilson
and Overland 1986)

3.2.3.3 £1 NiFio Southern Oscillatiotifhe ENSO 18 a weather pattern (Is ENSO
really a weather pattern or an ocean/pressure pattern?) ongtnabng m the
equatonal Pacmc WIth strong mfluences as far north as the GOA (Emery and
HamIlton 1985) ENSO 18 marked by three states warm, normal, and cool (EnfIeld
1997) See FIgure 3 10 Under normal conmhons, the water temperatures at the
conbnental boundary of the eastern PacIfIc are around 20· C, as cold bottom waters
(8 C) ID1X WIth warmer surface water to form a large pool of relahvely cool water
of the coast of Peru When an E1 Nlfio (warm) event starts, the pool of cool coastal
water at the conbnental 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 flSe At full EI Nlfio, mcreases m the surface water temperatures of as much as
54 C have been observed very close to the coast of Peru E1 Nlfio also bnngs a sea
level flSe along the Equator m the eastern Pacmc Ocean of as much as 34
cenbmeters, as warm buoyant waters movmg m from the west ovemde cooler,
denser water masses at the conbnental boundary In a cool La Nlfia event, the sea
levels are the OppoSIte from an E1 Nlfio, and relahvely 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 3 10)
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Figure 3.10 Pacific Ocean Reynolds monthly sea surface temperature (SST) in
degrees Celsius during La Nina (top), El 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://www.pmel.noaa.gov/toga-tao/el-ninolla-nina-pacific.html>. also
use Martin reference? (Martin 1997) http://www.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 POO, but there
are two major chfferences between these patterns FIrst, an ENSO event does not
last as long as a PD~ event, and second an ENSO event starts, and 18 easIest to
detect, m the eastern equatonal PacIfIc, whereas PD~ dommates the eastern North
PacIfIc, mcludmg the GOA The slffiultaneous occurrence of two major weather
patterns m orte locatIon illustrates Mmobe's pomt that multIple forcmg factors WIth
dIfferent charactenstIc frequenCIes must be operatIng slffiultaneously to create
regIIDe shIfts (FIgure 3 3)

The role of marme mputs to the watershed phase
of regIOnal bIOgeochemIcal cycles has been
recogruzed for some tIme (MathIsen 1972) The
followmg speCIes have been found to transport

marme nutrIents WIthm watersheds

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

• Marme-feedmg land anIIDals, such as nver otters (Ben-DaVid et al 1998b)
and coastal mmk (Ben-DavId et al 1997a), and

• OpportunlStIc scavengers as nvenne 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 manne
envIronment, such as harlequm duck or black-taIled deer, 18 a pathway to the
watersheds for marme nutrIents SpecIes that transport marme nutrIents play
lffiportant roles m supportmg a Wide dIverSIty of other fauna and flora, as
determIned from levels of marme rntrogen m Juvem1e fIsh, mvertebrates, and
aquatIc and npanan plants (Bilby et al 1996, PIorkowskI 1995, Ben-DavId et al
1998a,1998b) In studIes of a small Alaska stream contamIng chmook salmon,
PIorkowskI (1995) supported the hypothesIS that salmon carcasses can be lffiportant
m structunng aquatIc food webs In partIcular, mIcrObIal compOSItIon and
dIverSIty determIne the ability of the stream ecosystem to use nutrIents from
salmon carcasses, a pnnclpal source of marme rntrogen

The role of marme nutrIents m watersheds IS key to understandmg the relatIve
lffiportance of c1IIDate and human-mduced changes m populatIon levels of bIrds,
fIsh, and mammals Indeed, losses of basIC habItat prodUctIVity because of low
numbers of salmon entenng a watershed (Klme et al 1993, MathISen 1972,
PIorkowskI 1995, Fmney et al 2000) may be confused With the effects of fIshenes
mterceptIons or marme c1IIDate trends ComparlSon of anadromous fIsh-bearmg
streams to non-anadromous streams has demonstrated chfferences 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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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 prelustonc abundance of salmon offers some InsIghts mto long
term trends m chmate, and mto how to separate the effects of chmate from human
Impacts such as fIshmg and habItat degradatIon (Fmney 1998)

As agenCies grapple WIth
Implementatton of

ecosystem-basedmanagement,
conservatton acttons are lIkely

to focus more on
ecosystem processes and

less on smgle specIes

Watershed studIes lmkmg the freshwater and manne
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 ecOSYSteIns have shown the feasIbIhty and potentIal
Importance of such measures (Klme et al 1990, Klme et al 1993, MathIsen 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)

3.4.1 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 (km) westward from
1270 30' W near the northern end of Vancouver

Island, BntISh ColtunbIa, to 1760 W along the southern edge of the central AleutIan
Islands Itmcludes a contInental shelf area of about 3 7 x lOS km2 (110,000 square
nautIcal mI1es [Lynde 1986]) The area of the shelf amounts to about 17% of the
entIre Alaskan contInental shelf area (286 x 106 km2 total) and approXImately 125%
of the total contInental shelf of the Umted States (McRoy and Goenng 1974) TIns
vast oceamc domam sustaIns a nch and dIverse manne lIfe that supports the
econOmIC and SubSIStence hvehhood for both Alaskans and people hvmg m Asia
and North Amenca The GOA IS also an Important transportatIon corndor for
vessels carrymg cargo to and from Alaska and vessels travelmg the Great CIrcle
Route between North Amenca and Asia

3.4 PhySical and
Geological
Oceanography. Coastal
Boundaries and Coastal
and Ocean Circulation

o
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The lugh-Iahtude locahon and geologtcallustory of the GOA and adjacent
landmass strongly mfluence present-day regtonal meteorology, oceanography, and
sedtrnentary envrronment The northern extensIon of the Cascade Range, WIth
mountaIns rangmg m alhtude from 3 to 6 km, nngs the coast from Bnbsh
ColumbIa to Southcentral Alaska (Royer 1982) The Aleuhan Range spans the
Alaska Penmsula m the western GOA and contaIns peaks exceedmg 1000 m m
elevahon All of the mountaIns are young and therefore proVIde plenbful sources
of sedtrnent to the ocean The regton IS seISmICally achve because It hes WIthm the
convergmg boundanes of the PacrfIc and North Amencan plates The mohons of
these plates control the SeISmICIty, tectorucs, volcamsm, and much of the
morphology of the GOA and make thIS regton one of the most tectorucally achve
regtons on earth Gacob 1986) Indeed, tectoruc mohon conbnuously reshapes the
seafloor through faulbng, subSIdence, landshdes, tsunamIS, and soil hquefachon
For example, as much as 15 m of uphft occurred over porhons of the shelf dunng
the Great Alaska Earthquake of 1964 (Malloy and Merrill 1972, Plafker 1972, von
Ruene et al 1972) These geologtcal processes mfluence ocean crrculahon patterns,
dehvery of terrestnal sedtrnents to the ocean, and reworkmg of seabed sedtrnents

u

ApproXtrnately 20% of the GOA watershed IS covered by glaCIers today (Royer
1982) makmg the regton the thrrd greatest glaCIal fIeld on earth (MeIer 1984) The
glaCIers reflect both the subpolar, manbme chmate and the regtonal dlStnbuhon of
mountaIns, or orography, of the GOA (see Sechon 3 3) of the GOA The chmate
selling mcludes lugh rates of precrpltahon and cool temperatures, especIally at lugh
alhtudes, that enhance the formahon of the IcefIelds and glacIers The IcefIelds are
both a source and smk for the fresh water dehvered to the ocean In some years the
glaCIers gam and store the precrpltahon as Ice and snow, m other years, the stored
precrpltahon IS released mto the numerous streams and nvers drammg mto the
GOA GlacIal scounng of the underlymg bedrock proVIdes an abundance of fIne
gramed sedtrnents to the GOA shelf and basm (Hampton et al 1986) The major
mputs of glacIal sedtrnent are the Benng and Malaspma glaCIers and the Alsek and
Copper nvers m the northern GOA and the Kruk, Matanuska, and SUSltna nvers
that feed Cook Inlet m the northwest GOA (Hampton et al 1986)

The bathymetry, or bottom depth vanahons, of the GOA reflects the dIverse
and complex geomorphologtcal processes that have worked the regton durmg
mIlhons of years The GOA abyssal plam gradually shoals from a 5,00D-m depth m
the southwestern GOA to less than 3000 m m the northeastern GOA Maxtrnal
depths exceed 7,000 m near the central Aleuhan Trench along the conbnental slope
south of the Aleuban Islands Numerous seamounts, remnants of subsea volcanoes
asSOCIated WIth spreadmg centers m the PacIfIc hthosphenc plate (at the earth's
crust), are scattered across the central basm Several of the seamounts or guyots
(flat-topped seamounts) rISe to Wlthm a few hundred meters of the sea surface and
prOVIde trnportant mesopelagtc (mIddle depth of the open sea) habItat for pelagtc
(open sea) and benthtc (bottom) manne orgarusms
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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 Aleuban Islands, the shelf break 18 extremely narrow or even absent, as
depths plunge rapidly north and south of the 18land cham The numerous passes
between these 18lands control the flow between the GOA and the Bermg Sea, With
depths (and mflow) generally mcreasmg m the westerly drrecbon (Favonte 1974)
In the eastern Aleuttans, most of the passes are shallow and narrow, the largest
bemg Amukta Pass With a maxnna1 depth of 430 m and an area of about 20 km2

(Favonte 1974) UmmakPass 18 the easternmost pass (of oceanographtc
slgmftcance) and connects the southeast Bermg Sea shelf drrectly to the GOA shelf
near the Shumagm Islands ThlS pass 18 about 75 m deep and has a cross-secbonal
area of about 1 km2 (Schumacher etal 1982)

The shelf topography m the northern GOA 18 enonnously complex because of
both tectomc and glacral processes (FIgure 311) 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 tmmensely comphcated coastlme that
mcludes numerous silled and unsilled fjords, embayments, capes, and 18land
groups

The northwestern GOA mcludes several promment geolOgical features that
mfluence the regional oceanography Kayak Island, whtch extends about 50 km
across the shelf east of the mouth of the Copper River, can deflect mner shelf
waters offshore Interacbon of shelf currents With thts Island can also spawn eddtes
that transport nearshore waters, whtch have a htgh suspended sedtment load, onto
the outer shelf (Ahlnaes et al 1987)

PWS, whtch hes west of Kayak Island, 18 a large complex, fjord-type estuarme
system With charactensbcs of an mland sea (Muench and Heggie 1978) The sound
commumcates WIth the GOA shelf through Hmchmbrook Entrance m the eastern
sound and Montague Stratt and several smaller passes m the western sound The
shelf 18 relabvely shallow (about 125 m deep) south of Hmchmbrook Entrance and
along the eastern shore of Montague Stratt Hmchmbrook Canyon, however, has
depths of about 20G-m and extends southward from Hmchmbrook Entrance and
opens onto the conbnental slope ThlS canyon 18 a potenbally tmportant condUltby
whtch slope waters can commumcate drrectly WIth sound Central PWS 18 about
60 km by 90 km With depths typically m excess of 200 m and a maxtmal depth of
about 750 m m the northern sound The entrances to PWS are guarded by the shelf,
sills, or both of about 18o-m depth Numerous 18lands are scattered throughout the
sound and bays, fjords, and numerous glacrers are mterspersed along Its rugged
coastlme
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FIGURE 311

(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 18 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 (Tumagam 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 tides The bottom topography throughout the
mlet reflects extensIve faultIng 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 18 a
20o-km by So-km rectangular channel between KodIak Island and the Alaska
Penmsula With numerous fjords mdentIng the coast along both SIdes of the strait
The maID channel, WIth depths between 150 and 300 m, veers southeastward at the
lower end of KodIak Island and mtersects the contInental slope west of Chtnkof
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 18lands

3 4 2 Atmospheric Forcmg of GOA Waters

The chmate over the GOA IS largely shaped by three semI-permanent
atmosphenc pressure patterns the Aleutian Low, the Sibenan HIgh, and the East
PacIfIc HIgh (WIlson and Overland 1986) These systems represent statIStical
composItes of many mdIVldual pressure cells movmg across the northern North
PacIfIc The chmatologIcal pOSItion of these pressure systems vanes seasonally, as
shown m FIgure 312 From October through AprIl, the cold au masses of the
Sibenan HIgh deepen over northeastern Sibena, and the East PacIfIc HIgh 18
centered off the southwest coast of CalIforma From May through September, the
Sibenan HIgh weakens and the East PacIfIc HIgh mIgrates northward tb about
40° N and attaIns Its greatest mtensity (htghest pressure) m June The seasonal
changes m mtensity and pOSItion of these htgh-pressure systems mfluence the
strength and propagation paths of low-pressure systems (cyclones) over the North
PacIfIc In wmter, the Sibenan HIgh forces stonns mto the GOA, and lows are
strong, m summer, these systems are weaker and propagate along a more northerly
track across the Benng Sea and mto the Arctic Ocean
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Figure 3.12 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 Pactbc when cold, dry au flows off AsIa
and encounters northward-flowmg, warm ocean waters along the AsIan contInent
AddItIonal formatIon reglOns occur m the central Pactbc along the SubarctIc Front
(near 35° N) where strong latItudmal gradIents of ocean temperature mteract WIth
unstable, wmter au masses (Roden 1970) Fmally, the GOA can also be a reglOn of
actIve cyclogenesl8 (low-pressure formatIon), partIcularly m wmter when fngtd au

\

spills southward over the frozen Bermg Sea, the Alaska mamland, or both (WlllSton
1955) Such condItIons can be hazardous to marmers because the accompanymg
hIgh wmd speeds and subfreezmg au temperatures can lead to rapId vessellcmg
(Overland 1990)

Regardless of ongm, these lows generally strengthen as they track eastward
across the North Pactbc Thts mtenstbcatIon results from the flux of heat and
mOl8ture from the ocean to the atmosphere The lows attam maxnna1 strength
(lowest pressure) m the western and central GOA Once m the GOA, the coastal
mountatns mhtblt mland propagatIon, so that the stonns often stall and dtsslpate
here Indeed, RUSSIan marmers refer to the northeastern GOA as the "graveyard of
lows" (plakhotruk 1964)

Seasonal variations m
the mtenslty andpaths of

low-pressure systems
mfluence meteorologIcal
conditions m the GOA

o
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The mountatns also force au masses upward, resultIng m coolmg,
condensatIon, and enhanced precrpltatIon The precrpltatIon feeds numerous
mountam dramages that feed the GOA or, m wmter, 18 stored m snowftelds and
glacIers where It can remam for penods rangmg from months to years

Seasonal vanatIons m the mtenslty and paths of these low-pressure systems
markedly mfluence meteorologtcal condItIons m the GOA Of partIcular
lffiportance to the marme ecosystem are the seasonal changes m radIatIon, wmd
velocrty, 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 vanablhty

m cloud cover, especrally m summer, can affect sea-surface temperatures and
pOSSIbly the ffilXed-layer structure (whIch also depends heavily on salmtty
dtstnbutIon) 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 characteI1StIc cloud cover IS so heavy that It hmders the effectIve
use of passIve rntcrowave sensors, such as Advanced Very HIgh ResolutIon Radar
(AVHRR) and Sea-vlewmg WIde FIeld of vIew Sensor (SeaWtfs), m ecosystem
momtormg
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The cyclomc (counterclockwISe) wmds assocIated WIth the low-pressure
systems force an onshore surface transport (Ekman transport) over the shelf and
downwellmg along the coast FIgure 313 shows the mean monthly Upwellmg
Index on the northern GOA shelf ThIS mdex IS negatlve (tmplymg downwellmg) m
most months, mdtcatlng the prevalence of onshore Ekman transport and coastal
convergence Downwellmg favorable wmds are strongest from November through
March, and feeble or even weakly antlcyclomc (upwellmg favorable) m summer
when the Aleutlan Low IS dISplaced by the East Pactftc HIgh (Royer 1975, Wl1son
and Overland 1986) Over the central basm, these wmds exert a cyclomc torque (or
wmd-stress curl) that forces the large-scale ocean crrculatlon

The high rates of precrpitatlon are eVIdent m long-term average measurements
FIgure 3 5 IS a compoSIte of long-term average annual precrpitatlon measurements
from statlons around the GOA Precrpitatlon rates of 2 to 4 meters per year (m-yr-l)
are typICal throughout the region, but rates m southeast Alaska and PWS exceed
4 m-yr-l Except over the Alaska Penmsula m the western GOA, the coastal
preClpitatlon rates are much greater than the estJ.mated net precipitatlon rate of
1 m-yr-l over the certtral basm (Baumgartner and ReIchel 1975) The coastal
estJ.mates are undoubtedly bIased because most of the measurements are made at
sea level and therefore do not fully capture the mfluence of altltude on the
precipitatlve flux

FIgure 3 13 also mcludes the mean monthly coastal dtscharge from Southeast
and Southcentral Alaska as estJ.mated by Royer (1982) On an annual average thIS

freshwater mflux IS enormous and amounts to' about 23,000 m3 s 1, 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 dtscharge can be thought of as a dtffuse, coastal
"lIne" 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 precipitatlon IS stored as snow There IS a secondary runoff
peak m spnng and summer, because of snowmelt (Royer 1982) The phasmg and
magmtude of thIS freshwater flux IS tmportant, because salmIty pnmartly affects
water densitles (and therefore ocean dynamtcs) m the northern GOA
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Figure 313 shows that the seasonal vanabon m wmd stress and freshwater
dIscharge 18 large, but also that these vanables are not m-phase Wlth one another,
downwellmg 18 maxnnal m wmter and nururnal m summer, whereas dIscharge 18

mcoo.ma1 m fall and nururnal m late wmter Both wmds and buoyant dl8charge
affect the verbcal density strabhcabon and contnbute to the formabon of honzontal
pressure (and density) gradients over the shelf and slope The wmd held over the
shelf 18 spabally coherent (Llvmgstone 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 held and the dl8tnbuted nature of the coastal
dIscharge suggest that forang by wmds and buoyancy 18 apprmornately uruform
along the length of the shelf Both the wmds and buoyant flux force the mean
cyc10mc alongshore flow over the GOA shelf and slope (Reed and Schumacher
1986, Royer 1998), as shown schemabcally m Figure 3 3 On the mner shelf, the
flow COnsl8ts of the ACC, and over the slope, It COnsl8ts 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),
lIDplymg that cllIDate perturbabons, even those occurrmg far from the GEM study
area, can be effi.crently commumcated mto the northwestern GOA by the ocean
crrculabon The strong advecbon also lIDphes that processes OCcurrmg far
upstream IDlght substanbally mfluence blOlogIcal producbon Wlthm the GEM area

3 4.3 PhYSical Oceanography of the Gulf of Alaska Shelf
and Shelf Slope

The GOA shelf can be dIVided on the basl8 of water-mass structure and
crrculabon characterlSbcs mto three domams

• The mner shelf (or ACC domam) COnsl8bng of the ACC,

• The outer shelf, mc1udrng the shelf-break front, and

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

Because the bo\ffidanes separabng these regions are dynamIC, theIr locabons
vary m space and bIDe Although dynamIC connecbons among these domams
undoubtedly eXISt, the nature of these 1mks 18 poorly understood

The ACC 18 the most promment aspect of the shelf crrculabon It 18 a persl8tent
crrculabon feature that flows cyc10mcally (westward m the northern GOA)
throughout the year ThIS current ongmates on the BntIsh Columbian shelf
(although m some months or years, It IDlght ongInate as far south as the Columbia
River [Royer 1998, Thomson et al 1989]), about 2,500 krn. from Its entrance mto the
Benng Sea through Ummak Pass, m the western GOA (Schumacher et al 1982)

The ACC 18 a swIft (20 to 180 cenbIDeters per second [em S-I] [04 to 36 knots]),
coastally trapped flow typically found Wlthm 35 krn. 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, entermg through Hmchmbrook Entrance and eXltmg through
Montague StraIt (Niebauer et al 1994) Therefore, the ACC potentlally 18 lillportant
to the Clfculatlon dynanucs of PWS, clearly, It 18 a cntlcal advectlve and nugratory
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 contmues southward through Shehkof StraIt (Muench
et al 1978), the remaInder flows southward along the shelf east of KodIak Island
(Stabeno et al 1995) Although there are no long-term (multlyear) estlmates of
transport m the ACC, dIrect measurements (Schumacher et al 1990, Stabeno et al
1995) along the KenaI Penmsula and upstream of Kodiak suggest an average
transport of about 08 Sverdrup (Sv, a urut of flow equal to 1 milllon cubiC meters
per second [1 Sv equals 106 m3 s I]), With a maXImum m wmter and a nurumum m

summer

The large annual cycle m wmd and freshwater dIscharge 18 reflected m the
mean monthly temperatures and salmltles at hydrograpmc statlon GAK 1, near
Seward, on the mner shelf (FIgure 314) Mean monthly sea-surface temperatures
range from about 35° C m March to about 14° C m August The amphtude of the
annual temperature cycle, however, d1nunlShes 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 strat1&catlon from December through May

Surface salmltles range from a maXImum of about 31 practlcal salmlty uruts
(psu) m late wmter to a nurumum of 25 psu m August Vertlcal salmlty (density)
gradients are nurumal m March and Apnl and maXImal m the summer months
Surface strat1&catlon commences m Apnl or May (somewhat earher m PWS), as
cycloruc wmd stress decreases and runoff mcreases, and 18 greatest m nud- to late
summer The mner shelf and PWS stratlfy fust, because runoff lllitlally 18 confmed
to nearshore regIOns and only gradually spreads offshore through ocean processes
Solar heatmg proVides addItlonal surface buoyancy by warnung the upper layers
uruformly across the shelf However, the thermal strat1&catlon remaIns weak untll
late Mayor June As wmds mtenslfy m fall, the strat1&catlon erodes, resultmg from
stronger vertlcal ITUXlng and mcreased downwelling, wmch causes surface waters
to sInk along the coast
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Witlun the ACC, the arumal amphtude m SalIDlty dmurushes WIth depth and has
a IDIDlIDUID of about 0 5 psu at about the 10D-m depth At greater depths, the
annual amphtude mcreases but the annual SalIDlty cycle IS out of phase WIth near
surface salIDIty changes For example, at and below the 1,50 m depth, the salIDIty IS
mIDIma1 m March and maxnnal m late summer-early fall The phase dIfference
between the near-surface and near-bottom layers reflects the combmed mfluence of
wmds and coastal dISCharge In summer, when downwellmg relaxes, salty,
nutrIent-nch water from offshore mvades the mner shelf (Royer 1975) The upper
porhon of the water column IS freshest m summer, when the wmds are weak (httle
ffilXIDg) and coastal dIscharge IS mcreasmg Verhcal ffilXIDg IS strong through the
wmter and redIStrIbutes fresh wa1;er, salt, and possIbly nutrIents throughout the
water column

The effects of the seasonal cycle of wmd- and buoyancy forcmg are also
reflected m both the hydrographtc properhes and the along-shore velOCIty
structure of the shelf The seasonal transittOns m temperature and salIDIty
properhes are shown m FIgure 3 IS, whtch IS constructed from cross-shore secttons
along the Seward Lme m the northern GOA for Apnl (representattve of late
wmter), August (summer), and October (fall)

The ACC dOmaID, or mner shelf, IS Witlun 50 km of the coast From February
through April, the verhcal and cross-shelf gradtents of salIDIty and temperature are
weak, and the ACC front hes Witlun about 10 km of the coast and extends from the
surface to the bottom Verhcal shears (gradtents) of the along-shelf velOCIty are
weak and the current dynaIDICS are pnmartly wmd-dnven and barotropIC
(controll~d by sea-surface slopes setup by the wmds) at thts ttme Oohnson et al
1988, Stabeno et al 1995) In summer (late May to early September), the verhcal
strattftcatton IS large, but cross-shelf salIDIty (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 htghly VarIable, m summer Verhcal
strattftcatton weakens m fall, but the cross-shelf salIDIty gradtents and the ACC
front are stronger than at other ttmes of the year As coastal downwellmg
mcreases, the front moves shoreward to Witlun 30 km of the coast and steepens so
that the base of the front mtersects the bottom between the 50 and 100 m ISobaths
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Theory (Garrett and Loder 1981, Yankovsky and Chapmqn 1997, Chapman and
Lentz 1994, Chapman 2000) suggests that seasonal vanatIons m the ACC frontal
structure should strongly mfluence the vertIcal and hOrIZontal transport and
rrnxmg of dIssolved and suspended matenal, both across and along the mner shelf
Royer et al (1979) showed that surface drIfters released seaward of the ACC front
fIrst drIfted onshore (m accordance With Ekman dynamIcs) and then drIfted along
shore upon encountenng the ACC front Conversely, Johnson et al (1988) showed
that, Inshore of the front, the surface layer spreads offshore, With tlus offshore flow
mcreasmg as dIscharge mcreases m fall Taken together, these results suggest
cross-frontal convergence ansmg from dIffenng dynamlcS 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 attractIng foragmg fIsh, seabrrds, and marme mammals (Haldorson 2001)
The front ffi1ght also be a regIOn of slgmhcant vertIcal motIons Downwellmg
velOCItIes of about 30 meters per day (m-d I) m the upper 30 m of the water column
are poSSible m fall (ThIs estImate 18 based on the assumptIon that the cross-frontal
convergence occurs over a frontal Width of 15 kIn With an onshore Ekman flow of 3
cm-s I seaward of the front and an offshore flow of ~15 cm-s 1 [Johnson et al 1988]
Inshore of the front)

The ffi1d-shelf domam covers the regIOn between 50 and 125 kIn from the coast
Here cross-shelf temperature and sal1ll1ty gradIents are weak m all seasons In
general, the strongest honzontal density gradIents occur Wlthm the bottom 50 m of
the water column, probably associated With the Inshore locatIon of the shelf-break
front (wmch does not always have a surface expressIOn) The bottom of the shelf
break front 18 generally found farther Inshore m summer than m fall or wmter
Over the upper portIon of the ffi1d-shelf water column, the vertIcal stratIflcatIon 18

largely controlled by sal1ll1ty m most months, although vertIcal salllllty gradIents
are weaker here m summer and fall than on the mner shelf Consequently, m
summer, thermal stratIflcatIon plays an 1ffiportant role m stratIfymg the ffi1d-shelf
water column Here, the along-shelf flow 18 weakly westward on average because
of the feeble hOrIZontal density gradIents Both the flow and hOrIZontal density
gradients are mghly vanable, however, because of energetIc mesoscale (10- to
50-kIn) flow features PotentIal sources for the mesoscale vanability are as follows

1 SeparatIon of the ACC from capes (Ahlnaes et al 1987),

2 InstablhtIes of the ACC (Mysak et al 1981, Bograd et al 1994),

3 InteractIons of the shelf flow With topography (Lagerloef 1983), and

4 Meandenng of the Alaska Current along the contInental slope (NIebauer et
al 1981)

Tills mesoscale variability 18 very dlfflcult to quantIfy, because It depends on
spatIal vanatIons m the coastlme and the bottotn topography and on seasonal
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~, vanabons m the wmds and shelf densIty structure Nevertheless, these mesoscale
o 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 nutrIbonal condIbon of frrst
feedmg larvae IS sIgrufIcantly better InsIde than outsIde of eddIes (Carono et al
1991)

The mner and mId-shelf domaIns share two other noteworthy characterISbcs
Frrst, dunng 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 ubhty of thermal mfrared radIOmetry m assessmg crrcu1abon features
and frontal boundanes m the northern GOA

G

Second, the bottom-water properbes of the shelf change markedly throughout
the year The above fIgures show that the hIgh-salmIty bottom waters carned
Inshore are drawn from over the conbnental slope m summer ThIS mflowoccurs
annually and probably exerts an Important dynamIcal mfluence on the shelf
crrcu1abon by modIfymg the bottom boundary layer (GawarkIeWIcz and Chapman
1992, Chapman 2000, PICkart 2000) It mIght also serve as an Important seasonal
onshore pathway for oceamc zooplankton These antmals mIgrate dIumallyover
the full depth of the water column, durmg the long summer day length, the
zooplankton WI11 spend more nme at the bottom than at the surface The bottom
flow that transports the hIgh-salmIty ;water shoreward mIght then result m a net
shoreward flux of zooplankton m summer The summerbme mflow of salme water
onto the mner shelf IS one means by whIch the slope and basm mtenor
commumcates drrectly WIth the nearshore, because (as dIScussed below) thIs water
IS drawn from WIthm the permanent haloclme (depth hOrIZon over whIch salmIty
changes rapidly) of the GOA The deep summer mflow IS a potenbally Important
condmt for nutrIents from offshore to onshore Inflow, however, IS not the only
means by whIch nutrIent-nch offshore water can supply the shelf Other
mechamsms mclude flow-up canyons mtersecbng the shelf break (KlInck 1996,
Allen 1996, Allen 2000, HIckey 1997), topographIcally-mduced upwellmg (Freeland
and Denman 1982), and shelf-break eddIes and flow meanders (Bower 1991)

The thud domatn, COnsISbng of the shelf break and conbnental slope IS
mfluenced by the Alaska Current, whIch flows along the northeastern and northern
GOA, and Its transformabon west of 150° W, mto the southwestward-flowmg
Alaskan Stream These currents comprISe the poleward lImb of the North PacrfIc
Subarcb.c Gyre and proVIde the oceamc connecbon between the GOA shelf and the
PacIfIc Ocean The Alaska Current IS a broad (300 km), sluggISh (5 to 15 em s 1)
flow WIth weak hOrIZOntal and verbcal velOCIty shears The Alaskan Stream IS a
narrow (100 km), sWIft (100 em s 1) flow WIth large VelOCIty shear over the upper
500 m (Reed and Schumacher 1986) The stream conbnues westward along the
southern flank of the Alaska PenInsula and Aleuban Islands and gradually
weakens west of 180° W (Thomson 1972) The convergence of the Alaska Current

VOLUME II, CHAPTER 3 47



( ~\

G

c

GULF ECOSYSTEM MONITORING AND REsEARQ-t PlAN

mto the Alaskan Stream probably entaIls conconutant changes m the velOCIty and
thermohalme gradIents along the shelf break Insofar as these gradIents mfluence
fluxes between the shelf and slope (GawarktewIcz 1991), the transformabon of the
Alaska Current mto the Alaskan Stream trnphes that shelf-break exchange
mechanIsms 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 vanabons appear small, mterannual transport
vanabons may be as great as 30% (Royer 1981a) Thomson et al (1990) found that
the Alaska Current IS sWIfter and narrower m wmter than m summer Surface
salmtbes Withm the Alaska Current vary by only about 0 5 psu throughou.l the
year, whereas the seasonal change m sea surface temperature (SS1) IS comparable
to that of the shelf (about 100 q Nevertheless, honzontal and verttcal densIty
gradIents are controlled by the salmtty dIStnbubon Maxtrnal strattftcabon occurs
between depths of 100 and 300 m and IS assocIated WIth the permanent halochne of
the GOA Halochne salmtbes range between 33 and 34 psu, and temperatures are
between 50 C and 60C (Tully and Barber 1960, Dodtmead et al 1963, ReId Jr 1965,
Favonte et al 1976, Musgrave et al 1992) These water-mass characteflSbcs are
Idenbcal to the properttes of the deep water that floods the shelf bottom each
summer (FIgure 3 15 )

Although eddy energtes of the Alaskan Stream appear small (Royer 1981a,
Reed and Schumacher 1986), sigruftcant alterabon of the slope and shelf-break
crrcu1abon IS hkely dunng OCCasIOnal passage of large (20D-km-diameter) eddIes
that populate the mtenor basm (Crawford et al 1999) Musgrave et al (1992) show
consIderable alterabon m the structure of the shelf-break front off KodIak Island
durmg the passage of one such eddy These eddIes are long-hved (2 to 3 years) and
energebc, havmg typICal swrrl speeds of 20 to 50 em s 1 (Tabata 1982, Musgrave et
al 1992, Okkonen 1992, Crawford et al 1999) They form m the eastern GOA,
pnmanly m years of anomalously strong cyc10ruc wmd forcmg along the eastern
boundary (Willmott and Mysak 1980, Melsom A et al 1999, Meyers and Ba,su
1999) and then propagate westward at about 2 to 3 em s 1 Most of the eddIes
remam over the deep basm and far from the conbnental 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 trnpmge upon the conbnental slope could sigruftcantly mfluence
the shelf crrcu1abon and exchanges between the shelf and slope of salt, heat,
nutnents, and plankton Therr mfluence on shelf-slope exchange m the northern
GOA has not been ascertamed, but because they propagate slowly, are long-hved,
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 rmgs that
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sIgmftcantly modIfy shelf properbes along the East Coast of the Umted States
(Houghton et al 1986, Ramp 1986, Joyce et al 1992, Wang 1992, SchlItz submItted)
In the eastern GOA, WhItney et al (1998) showed that these eddIes cause a net
offshelf nutnent flux In the northern GOA, they mIght have the OppoSIte effect,
because nutnent concentratIons are generally hIgher over the slope than on the
shelf (WhItledge 2000, ChIlders 2000)

3 4 4 Biophysical Implications

The magmtude of the spnng phytoplankton bloom depends on surface nutrIent
concentratIons and water-eolumn stability The annual resupply of nutnents to the
euphotIc zone IS not understood for the mner shelf, however Cross-shelf, surface
Ekman transport m wmter cannot account for the hIgh nutrIent concentratIons
observed on the mner shelf m spnng (ChIlders 2000) and (WhItledge 2000)
Turbulent moong durmg late fall and wmter could mIX the nutnent-nch deep
water (brought onto the shelf m summer) up mto the surface layer m tIme for the
spnng bloom If so, vernal nutnent levels mIght result from a two-stage
precondItIonmg process occurnng dunng the several months precedmg the spnng
bloom The frrst stage occurs m summer and IS related to the onshelf movement of
salme, nutnent-nch, bottom water as descnbed above The quantIty of nutnents
carned onshore then depends upon the summer wmd fIeld and the properbes of
the slope source water that contrIbutes to thIS mflow The second step occurs m fall
and wmter and depends on turbulence Current InstabilitIes, downwe11mg
mduced convectIon, and dIffusIon accomplIsh the verbcal moong The extent of
thIS moong depends upon the seasonally varymg stratIfIcatIon and the verbcal 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 nutnent source for the mner shelf m spnng IS
PWS Wmter moong m the sound could bnng nutnent-nch water to the surface,
where It IS exported to the shelf by that porbon of the ACC that loops through
PWS

The tImIng of the spnng bloom depends on development of stratIfIcatIon
Wlthm the euphotIc zone The euphotIc zone extends from the surface to a depth
where suffiCIent lIght stIll eXISts to support phOtoSynthesIS StratIfIcatIon wIthm
the euphotIc zone IS mfluenced by freshwater dIScharge and solar heatIng
Prelmunary GLOBEC data (WhItledge 2000) (Stockwell 2000) suggest that the
spnng bloom begIns m protected regIons of PWS m late March as day length
mcreases and stratIfIcatIon bwlds as a result of snowmelt, raInfall, and the
sheltenng 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 requIred to stratIfy the shelf Because densIty IS
strongly affected by Sallillty and, therefore, by the spreadIng of fresh water on the
shelf, stratIfIcatIon does not evolve by verbcal (one-dImensIOnal) processes phase-

(
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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 mixing processes intimately associated with ocean
dynamics.

Several implications follow from this hypothesis. First, spring 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 spanning a range of time scales and involves a plethora of
variables that affect vertical mixing and the offshore flux of fresh water from the
nearshore. These variables include the fractions of winter precipitation delivered to
the coast as snow and rain, the timing and rate of spring snowmelt (a function of
air temperature and cloudiness), and the wind 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 ACe, can advect the
freshwater that contributes to stratification from very distant regions. Third,
interannual variability in the onset and strength of stratification on the GOA
continental shelf is probably greater than for mid-latitude shelves. This expectation
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).

3.4.5 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 (K1) tide being, in
general, of secondary importance. UfHOR INGARTNER : PLEASE

EVEWP SOME DEFINmONS FOR lHE ABBREVIATIONS. OR CAN
DELETE lHEM BECAUSE THEY ARE NOT USED AGAIN? Tidal characteristics
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(amphtudes and veloClhes) are strongly mfluenced by the complex shelf and slope
bathymetry and coastal geometry, however Consequently, spahal vanahons m the
hdal charactenshcs of these two speCIes are large For example, Anchorage has the
largest hdal amphtudes m the northern GOA, WIth the M2 hde bemg about 36m
and the Kl hde bemg about 0 7 m In contrast, the amphtudes of both of these
conshtuents m KodIak and Seward are less than half those of Anchorage Foreman
et al (Foreman et al 2000) found that the cross-shelf flux of hdal energy onto the
northwest GOA shelf IS enormous and IS accomparued by mgh (bottom) fnchonal
dISsipahon rates TheIr model eshmates mdicate that the hdal dISsipahon rate m
Kennedy Entrance accounts for nearly 50% of the total dISsipahon of the M2
conshtuent m the GOA Further, about one-thrrd of the energy of the Kl hde m the
GOA IS dISSIpated m Cook Inlet Some of the energy lost from hdes IS avaIlable for
ffilXmg, wmch would reduce verhcal strahfIcahon and enhance the transfer of
nutnents mto the euphohc zone

The mterachon of the hdal wave WIth varymg bottom topography can also
generate shelf waves at the dIurnal frequency and generate reSIdual flows The
waves are a promment feature of the low-frequency crrculahon along the Bnhsh
ColumbIan shelf (Crawford 1984, Crawford and Thomson 1984, Flather 1988,
Foreman and Thomson 1997, Cummms and Oey 2000) and could affect pycnoc1me
dISplacements (The pycnochne IS a verhcallayer across wmch 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 observahons are avaIlable to confrrm the
presence of such waves along the KodIak shelf, theIr presence could mfluence
bIolOgical produchon here as well as the dISpersal of planktomc orgamsms
ReSIdual flows resulhng from non-hnear hdal dynamlcS could (locally) mfluence
the transport of suspended and dISsolved matenals on the shelf

Seasonal changes m water-column strahfIcahon can also affect the verhcal
dIStnbuhon of hdal energy over the shelf through the generahon of mternal
(barochnIc) waves of hdal penod Such mohons are hkely to occur m summer and
fall m the northwestern GOA where the flux of barotropIc hdal energy (wmch IS
nearly umformly dIStnbuted over the water column) across the shelf break
(Foreman et al 2000) mteracts With the mghly strahfIed water column on the shelf
The mternal waves generated can have small spahal scales (lOs of km) m contrast
to the large scale (l,OOOs of km) of the generahng barotropIc hdal waves
Moreover, the phases and amphtudes of the barochmc hdes will vary With seasonal
changes m strahfIcahon Although no systemahc mveshgahon of mternal hdes on
the GOA shelf has been conducted, Daruelson (2000) found that the hdal veloClhes
m the ACC near Seward m wmter are about 5 em s 1 and are barotropIc However,
m late summer, hdal velOClhes m the upper 50 m are about 20 em s 1 whereas below
10D-m depth they are about 5 em s 1 Internal hdes will also dISplace the pycnochne
suffIClently to have bIOlOgical consequences, mcludmg the pumpmg of nutnents
mto the surface layer, the dISpersal of plankton and small fIShes, and the formahon
of transItOry and small-scale zones of hOrIZontal dIvergence and convergence that
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affect feedIng behavIOrs (Mann and Lazter 1996) StrabfIed bdal flows nught also
be sigruftcant for some silled fjords The mteracbon of the bde 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-salmlty water and
plankton through Bernoulli sucbon effects (Thompson and GoldIng 1981, Thomson
and WolanskJ.1984)

3.4.6 Gulf of Alaska BaSin

The crrcu1abon m the central GOA COnsISts of the cyclorucally
(counterclockw1se) flowmg Alaska Gyre, whIch IS part of the more extensIve
subarcbc gyre of the North Paclflc Ocean The center of the gyre IS at about 53° N,
and 145° to 150° W The gyre mc1udes the Alaska Current and Stream and the
eastward-flowmg North Paclflc Current along the southern boundary of the GOA
The latter IS a trans-Paclflc flow that ongmates at the confluence of the northward
flowmg KuroshIo Current and the southward-flowmg OyashIo Current m the
western Pac1flc Some water from the Alaska Stream apparently recrrcu1ates mto
the North Pac1flc Current, but the strength and locabon of thIs recrrcu1abon IS
poorly understood and appears to be extremely vanable (Favonte et al 1976) The
North Paclflc Current bIfurcates off of the western coast of North Amenca, With the
northward flow feedIng the Alaska Gyre and the southward branch entermg the
CaI1f01"I11& Current The bIfurcabon zone IS located roughly along the zero !me m
the c1lmatologIcal mean for the wmd stress curl The gyral flow reflects the large
scale cyc10ruc wmd-stress dlStnbubon 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
em s 1, but the vanability IS large (Thomson et al 1990) These cycloruc wmds also
force a long-term average upwellmg rate of about 10 to 30 m yr-I m the gyre center
(XJ.e and HsIeh 1995)

The verbcal thermohalme structure of the Alaska Gyre IS descnbed by Tully
and Barber (1960) and Dodlmead et al (1963) and consISts of the followmg
components

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

2 A haIoc!me that extends from 100 m to about the 200-m depth over whIch
salmlty mcreases from 33 to 34 psu and temperamres decrease from 6 to
4° C,and

3 A deep layer, extendIng from the bottom of the haIoclme 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 salmlty mcreases more slowly to Its maxnnaI value of
about 34 7 psu at the bottom
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The seasonal vanabons of the upper layer reflect the effects of wmd-nuxmg and
heat exchange 'WIth the atmosphere-essenbally one-dlffienslOnal nuxmg processes
The ocean loses heat to the atmosphere from October through March and gatns
heat from Apnl through September The upper layer IS lSohalme and ISothermal m
wmter down to the top of the haloclme At this bme, upper-layer salmtbes range
from 32 5 to 32 8 psu, and temperatures range from 40 to 60 C The upper layer IS
fresher and colder m the northern GOA and satber 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 ffilXed layer forms that mc1udes a
weak secondary haloclme and a strong seasonal thermoclme, WIth both centered at
about the 3D-m depth The seasonal pycnoclme erodes and upper layer propemes
revert to wmter condIbons as coolmg and wmd-nuxmg mcrease m fall

The haloclme IS a permanent feature of the Subarcbc North Pacrftc Ocean and
represents the deepest ltmtt over whtch wmter nuxmg occurs withm the upper
layer The haloclme results from the htgh (compared WIth other ocean bastns) rates
of precipitabon and runoff m conJuncbon WIth large-scale, three-dtmensiOnal
crrculabon and mtenor nuxmg processes occurnng over the North Pacrftc (ReId Jr
1965, Warren 1983, Van Scoy et al 1991, Musgrave et al 1992) The strong densIty
gradient of the haloclme effecbvely ltmtts verbcal exchange between salme and
nutnent-nch deep water and the upper layer The deep waters of the GOA COnsISt
of the North Pacrftc Intermediate Water (formed m the northwestern Pactftc Ocean)
and, at greater depths, contnbubons from the North Atlanbc Mean flows m the
deep mtenor are feeble (1 em s 1), and the flow dynapucs are governed by both the
cltmatologIcal wmd stress dtstnbubon (Koblmsky et al 1989) and the global
thermohalme crrcu1abon (Warren and Owens 1985) modthed by the bottom
topography The thermohalme crrculabon carnes nutnent-nch waters mto the
North Pactftc and forces a weak and deep upwellmg throughout the region
(Stommel and Arons 1960a, 1960b, ReId 1981)

3.4.7 General Research Quesbons

What physical-eheffilcal processes control prtmary and secondary producbon,
and m parbcu1ar, what processes control the bmtng, durabon, and magmtude of
the spnng bloom on the mner conbnental shelf, mc1udmg the mlets, sounds, and
fjords?

Does strabftcabon of the water column m the euphobc zone of the ACC depend
prtmanly on the rate at whtch fresh water spreads offshore as a consequence of
three-dtmensional crrcu1abon and nuxmg processes associated Wlth ocean
dynamtcs? (Secbon 35 4 4)

Do phySlCclI oceanographtc shelf processes m the ACC m the months leadmg
up to the spnng bloom precondlbon the magmtude and sequence of bIOlOgical
events dunng the spnng bloom? (Secbon 3 4 4)

VOLUME II, CHAPTER 3 53



3.5 Chemical
1

Oceanography· Marine
Nutrients and Fertility

o
GULF ECOSYSTEM MONITORING AND REsEARCH PUIN

Does zooplankton recrUItment m the ACC depend on shelf phYSICal processes
durmg a "precondItIonmg penod" leadmg up to the onset of the spnng bloom?
(SectIon 344)

What are the sources of the nutnents m the euphotIc zone on the mner shelf m
the sprmg? (SectIon 3 4 4)

How are exchanges of carbon and nutnents, detntus 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 nutnent flux across the contInental shelf
slope? (SectIon 3 4 4)

How and where does the mteractIon of the tIdal wave WIth varymg bottom
topography generate reSIdual flows that transport nutnents 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 planktomc organISmS? (SectIon 3 4 5)

The overall fertIlIty of the GOA depends pnmanly
on nutnent resupply from deep-water sources to
the surface layer were plants grow Rates of
carbon fIxatIon by phytoplankton m the euphotIc
zone are lImIted seasonally and annually by

changmg lIght 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 belIeved to control rates of photosynthesIS at
some locatIons and tImes (Freeland et al 1997, MartIn and Gordon 1988, Pahlow
and RIebse1l2000)

•
Orgamc matter synthesIZed by plants m the lIghted surface layer IS consumed

there or smks down mto the deeper water column where some may eventually
reach the seabed The unconsumed portIon IS OXIdIzed to morgamc dISsolved
forms by bactena at all depths In the euphotIc zone, morgamc nutnents excreted
by zooplankton and by ffilcronekton and macronekton (fISh), lIberated by bactenal
OXIdatIon (a process referred to as remIneralIzatIon), or both excreted and lIberated
are ImmedIately recycled by phytoplankton (Nekton IS SWImmIng manne lIfe) In
contrast, IIvmg cells, orgamc detntus (remams of dead orgamsms), and fecal pellets
that escape the euphotIc zone by smkmg are remmeralIZed below the lIghted upper
layer, and the resultIng morgamc forms are lost to surface plant stocks The result
of these combmed processes leads to vertIcal dIStnbutIons 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
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wmd-forced upwellmg and deep seasonal overturn provide local mecharusms that
brmg nutnent ennched deep water back mto the surface layer each year
(Schumacher and Royer 1993) Addtbonally, at depths shallower than about 100 m,
bdal ffilXillg resulbng from fncbon across the bottom can mteract With the wmd
nuxed surface layer to proVlde an mtermtttent avenue for surface nutnent
replemshment durmg all seasons

Concentrabons of the dtssolved morgamc forms of rutrogen (rutrate, rutnte, and
ammorua), phosphorus (phosphate), and slhcon (silicate) occur at some of the
!ughest levels measured anywhere m the deep waters of the GOA (Mantyla and
Reid 1983) A permanent pycnochne, resulbng from the relabvely low salmtty of
the upper 120 to 150 m, hmtts access to thts valuable pool, however, deep wmter
ffilXillg rarely reaches below about 110 m m waters over the deep ocean (Dodtmead
et al 1963, Favonte et al 1976) Although upwellmg occurs m the center of the
Alaska Gyre, It 18 beheved to be only on the order of a meter (or considerably less)
per day (SugtIDoto 1993, Xte and Hsieh 1995), a relabvely modest rate compared to
some regtons of !ugh producbVlty hke the Peru or Oregon coastal upwellmgs
Away from the Alaska Gyre upwellmg along the northern conbnental margm of
the GOA, the prevailing wmds dnve a predommately downwelhng envrronment
over the shelf for 7 to 8 months each year Although thts condlbon usually
moderates durmg the summer, there 18 httle eVidence that wmd-forced coastal
upwelhng 18 ever well developed Instead, durmg the penod of relaxed
downwellmg or sporadic and weak upwellmg, a rebound of l8opycna1 (density
boundanes, waters havmg the same denslbes) surfaces along the shelf edge permtts
the run-up of dense slope water onto and across the shelf Tlus subsurface water,
contammg elevated concentrabons of dtssolved nutnents, flows mto the deeper
coastal basms and fJords (Muench and Heggte 1978, Heggte and Burrell 1981)
Presumably the bmmg and durabon of thts coastal bottom renewal 18 related to the
nablre of the Pactftc HIgh pressure dommance m the GOA each summer

The coastal and mshore waters m the northern GOA are also mfluenced by
runoff from a large number of streams, nvers, and glaCiers m the rugged coastal
margm In these areas that are largely untouched by
agncu1ture, thts mput probably contnbutes httle to the
coastal nutnent cycle, except poSSibly as a source for silicon
and rron (Burrell 1986) Therefore, the major pool of plant
nutnents for water column producbon m ocean, shelf, and
coastal regtons 18 denved from marme sources and reSides
m the deep waters below the surface producbon zone

Because hght 11ffi1ts carbon ftxabon durmg the wmter months, there IS a strong
seasonal Signal m nutnent concentrabons of the euphobc zone m upper-layer shelf,
coastal, and tnslde waters Durmg the wmter, dl8solved morgamc plant nutrients
build therr concentrabons m the deeperung wmd-nuxed layer as deeper, nutnent
nch water becomes mvolved m the seasonal overturn at a bIDe when uptake by

\.......... phytoplankton 18 mmtmal Under seasonal hght hmttabon, surface nutnent
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concentranons probably peak m early March, JUst before the onset of the annual
plankton producnon cycle By lllid- to late-May and early June, euphonc zone
nutnents are drawn down dramancally to seasonal lows as the stratlftcanon that
tnltlates the sprmg "bloom" of plant plankton severely restncts the vertlcal flux of
new nutnents (Goermg 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 sustatnIng the much-reduced prtmary
producnvlty Later m fall, WIth the onset of the Aleunan Low pressure system and
the storms that It produces, a coolmg and deepenmg wmd-ffilXed layer can remJect
sufftclent new nutnents mto a shrmkmg euphonc zone to tnlnate a fall plant bloom
m some years (Eslmger et al 2001)

The strong seasonal SIgnal of nutnents and plant stocks eVIdent on the
contlnental shelf 18 dlffitnlShed m surface waters seaward of the shelf break m the
GOA The regIOn beyond the contlnental shelf break 18 descnbed as "htgh nutnent,
low chlorophyll" Itwas beheved htstoncally that grazmg by a collecnve of large
calanOld copepods (speCIes of zooplankton endelllic to the subarcnc Paoftc)
consumed enough plant bIOmasS each year to control the overall producnvlty
below levels needed to completely exhaust the surface mtrogen (Hemnch 1962,
Parsons and Lalh 1988)

More recently, tron hlTIltanon has been posed as a mechantsm controllmg
prtmary producnon m the GOA and m several other offshore regIOns of the world's
oceans (MarOn and Gordon 1988) Contemporary research m the GOA has
revealed that control of the amount of food produced by phytoplankton through
grazmg of zooplankters 18 probably tmportant, although the specres of zooplankton
mvolved are not the large calanOld copepods (Dagg and Walser 1987, Frost 1991,
Dagg 1993) Producnon of phytoplankton 18 thought to be controlled by an
assemblage of lllicrozooplankters, lllicroconsumers, represented by abundant
Clhate protozoans and small flagellates, rather than by large calanOld copepods
(Booth et al 1993) Because the growth rates of these grazers are htgher than those
of the plants, It 18 hypotheSIZed that these lllicroconsumers are capable of effiCIently
trackmg and hlTIltlng the overall oceamc producnvlty by eatlng the prtmary
producers, the phytoplankton (Banse 1982) The control mechantsm 18 made
pOSSIble because the plant commumnes are dOlllillated by very small cells, 10
lllicrometers or less, that can serve as food for the lllicroconsumers

A counter-hypothes18 asserts that the small SIZe of the plants 18 actually m
response to low levels of tron It 18 known that faced WIth nutnent hlTIltanon,
phytoplankton commumnes generally shtft to small-SIZed specres whose surface
area-to-volume ranos are htgh Resolunon of these related Ideas 18 sought m
contlnumg studIes of the oceamc producnon cycle

Surpr18mg recent observanons demonstrate a trend m mcr~asmg temperatures
m the upper layers that may be causmg a shtft m the seasonal nutnent balance
offshore (Freeland et al 1997, Polovrna et al 1995) For the fust tlme, there are
reports that mtrogen has been drawn down to undetectable levels along lme P m
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the southern GOA out to a dtstance of 600 km from the coast (Welch 2001) LIne P
IS a an oceanographtc 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 warmmg
condItIons

An essentIal ISsue for the GEM program will be to understand how, at a vanety
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 mechamsms m the GOA Inorgamc nutnent
supplIes mIght be mfluenced by chmate changes m the followmg ways

• Upwellmg m the Alaska Gyre,

• Deep wmter rruxmg,

• Shelf and coastal upwellmg and downwellmg,

• VertIcal transport m frontal zones and eddIes, and

• Deep and shallow cross-shelf transports

In addItIon to these mechamsms, the ACC may playa role that has yet to be
dete!ffilned m the supply rates of dISSolved morgamc nutnents to nearshore
habItats (Schumacher and Royer 1993) Fmally, the Import of marme-denved
mtrogen asSOCIated WIth the spawmng mIgratIons of salmon and other
anadromous ftshes has been descnbed as a novel means by whtch the oceamc GOA
ennches the terrestnal 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 hostIng the early We stages of Pacrftc salmon (Fmney
1998) and must vary WIth mterannual and longer-term changes m salmon
abundance

351 General Research Questions

How are the supphes of morgamc mtrogen, phosphorous, sIDcon, and other
nutrIents essentIal for plant growth m the euphotIc zone mfluenced by chmare-dnven

phYSICal mechamsms m the GOA?

What 18 the role of the PaCIfIc High pressure system m determmmg the hmmg and
duratIon of the movement of dense slope water onto and across the shelf to renew
nutrIents m the coastal bottom waters? (SectIon 3 5)

Is freshwater runoff a source of Iron and SIDcon that 18 Important to marme
productIvIty m the ACC and other marme waters? (SectIon 3 5)

Does Iron hrrutatIon control the specres and SIZe dIStrIbutIon of the plankton
commumtIes m the offshore areas?

I '" Does zooplankton, especrally mIcrozooplankton, control the amount of food
~ produced by phytoplankton m the offshore?
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361 Plankton Invesbgabons
In the Gulf of Alaska

Much of what 18 presently understood about
the plankton comrnuruhes and therr produchvity
m the GOA has ar18en from several programs
exammmg the open ocean and shelf

envrronments These programs have mcluded the followmg

3.6 Biological
Oceanography:
Plankton and
Productivity

• US-Canada NORPAC surveys (LeBrasseur 1965),

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

• The mulh-decadal plankton observahons from CanadIan Ocean Stahon P
(OSP) and LIne P (McAllister 1969, Fulton 1983, Frost 1983, Parsons and
Lalli 1988),

• Annual summer Japanese vessel surveys by HokkaIdo Umversity
(Kawamura 1988),

• The Outer Conhnental Shelf Energy Assessment Program (OCSEAP) by
Mmerals Management ServIce (MMS) and Nahonal Oceamc and
Atmosphenc AdmmIstrahon (NOAA) (Hood and Zunmerman 1986), and

• The Shehkof Strait F18henes Oceanography Cooperahve Inveshgahon
(FOCI) study by NOAA and NMFS (Kendall et al 1996)

It IS notunderstoodhow the
qUIte dIfferentecosystems of

lower trophIC levels m the
northeastern subarctic PaCIfic

Ocean are phased through time
andmteractat theIr boundaries

over the shelf

AddIhonal and more recent programs mclude the North
PacIfIc GLOBEC of the NSF and those supported by the
EVOS Trustee CouncIl The above-menhoned programs
and a few other studIes prOVide a reasonably coherent fust
order pIcture of the structure and funchon of lower trophIc
levels m the northeastern subarchc PacIfIc Ocean A senous
gap m the detaIled understandmg of relahonshIps between
the observed Inshore and offshore produchon cycles
remaInS, however-namely how these qrnte dIfferent

ecosysteIns are phased through hme and mteract at therr boundanes over the shelf
As a result, mformatlOn 18 lackmg about how the effects of future cllffiate change
may mamfest m food webs suppomng hIgher level consumers

3 6 2 Seasonal and Annual Plankton DynamiCS

The composihon, dIstnbuhon, abundance, and produChvity of plant and
anlffial plankton comrnuruhes m the GOA have been revIewed by Sambrotto and
Lorenzen (1986), Cooney (1986), Miller (1993), and Mackas and Frost (1993) In
general, dramahc dIfferences are observed between pelagiC comrnuruhes over the
deep ocean, and those found m shelf, coastal, and protected InsIde waters (sounds,
fjords, and estuanes) SpecIfIcally, the euphohc zone seaward of the shelf edge 18

58 VOWME II, CHAPTER 3



GULF EcoSYSTEM MONITORING AND REsEARa-t PLAN

r-- dommated year round by very small phytoplankters-tmy dIatoms, naked
U flagellates, ~d cyanobactena (Booth 1988) Most are smaller than 10 nucrons m

SIZe, and theIr combmed standmg stocks (measured as chlorophyll concentrahon)
occur at very low and seasonally stable levels Itwas ongmally hypothesIZed that a
small group of large oceamc copepods (Neocalanus spp and Eucalanus bungll)
hnuted plant numbers and open ocean produchon by efficIently controllmg the
plant stocks through grazmg (Hemnch 1962) More recent eVIdence, however,
mdIcates the predonunant grazers on the oceamc flora are not the large calanOlds
(Dagg 1993), but Instead abundant poPUlahons of ciliate protozoans and
heterotrophIc nucroflagellates (Miller et al 1991a, 1991b, Frost 1993) Ithas been
further suggested that m these hIgh nutnent, low chlorophyll oceamc waters, very
low levels of dIssolved morgamc Iron (commg mamly from atmosphenc sources)
are ulhmately responsIble for structunng the composIhon of the pnmary producers
and consumers (MartIn and Gordon 1988, MartIn 1991) Oose reproduchve and
trophIc couplmg between the nanophytoplankton and nucroconsumers appears to
restnct levels of pnmary produchvIty below that needed to exhaust all of the
seasonally avaIlable rutrogen each year (Banse 1982) Moreover, the excreta of the
nucroconsumers IS dIffuse, WIth low smkmg rates, and IS easily OXIdIZed by
bactena Ammorua (denved from grazer-released urea) IS a preferred plant
nutnent, and the frrst oXIdahon product recycled m thIS way Wheeler and
KokkmakIs (1990) demonstrated that as long as ammorua IS avaIlable for the plants,
rutrate uptake m the euphohc zone IS much reduced Together, these fIndmgs are

)

./ parntmg a consIderably reVISed pIcture of lower trophIc level relahonshIps and
nutnent balances at the base of the offshore pelagIC ecosystem m the GOA

In contrast, shelf, coastal, and InsIde waters host a more tradIhonal 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 produchon cycle IS charactenzed by well-defIned spnng
(and somehmes fall) blooms of large dIatom specIes (most larger than 50 nucrons)
whose produchVIhes are hnuted annually by the rapId ubhzahon of dIssolved
morgamc rutrogen, phosphorus, and silicon m the euphohc zone (Eslmger et al
2001, Ward 1997) These blooms typICally begm m late March and early April m
response to a seasonal stabIhzahon of the wmter-condIhoned deep mIXed layer
HIgh rates of photosynthesIS typICally last only 4 to 6 weeks (Goenng et al 1973)
Strong penods of wmd, hdal mIXIng, or both durmg the bloom can prolong these
events by mterruptmg the condIhons 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 strahfIcahon that eventually restncts the verhcal flux of new

f nutnents and hnuts summer pnmary produchVIty 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
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sIgrufIcance of the fall porhon of the pelagIc producoon cycle remams largely
undescnbed

In both the ocean and shelf dqmams, strong seasonal SIgnals occur m standmg
stocks and estImates of daily and annual rates of producoon for the phytoplankton
and zooplankton Some of the earlIest measurements of photosynthesIS at OSP
placed the annual pnmary producoon m the southern part of the Alaska Gyre at
about 50 grams of carbon per square meter per year (g C m-2 y-I) (McAl1Ister 1969),
or somewhat lower than the overall world ocean average of 70 g C m-2 y -1 More
recent studIes usmg other techruques, however, have suggested hIgher annual
rates, somewhere between 100 to 170 g C m-2 y 1 (Welschmeyer et al 1993) UnlIke
the producoon cycle over the shelf, the OCeanIC pnmary prodUCOVIty does not
produce an IdentlfIable spnng/summer plant bloom Instead, the oceamc
phytoplankton stock remams at low levels (about 0 3 mIlligrams [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 seasonalIty Late
wmter values of 5 to 20 mg m 3 (wet weIght) nse to 100 to 500 mg m-3 m mId
summer, when upper-layer populaoons of large calanOlds dOmInate the standmg
stock Assummg the zooplankton producnon IS roughly 15% of the oceamc
pnmary producoVlty (parsons 1986), annual estlmates of zooplankton carbon
producnon estImated from pnmary producoVlty range between 8 and 26 g C m 2

GIven that the carbon content of an average zooplankter IS apprmamately 45% of
the dry weIght, and that dry weIght IS about 15 % of the wet weIght (Omon 1969),
the carbon producoon can be converted to estImates of bIOmasS Results from thIs
calculaoon 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 dIfferent 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 submanne canyons and deep straIts, but also rISes to extensIve shallow shoals at
some locaoons The rugged northern coastal margm IS charactenzed 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 producove, parhcularly the regIon between
PWS and She1Ikof StraIt (Sambrotto and Lorenzen 1986) Coastal transport and
turbulence along the KenaI PenInsula, m lower Cook Inlet, and around KodIak and
Afognak ISlands appears to enhance nutrIent supplIes durmg the spnng and
summer Annual rates of pnmary producnon approachmg 200 to 300 g C m-2 y-I
have been descnbed In other coastal fjords, sounds, and baysl the estImates of
annual pnmary producoon range from 140 to more than 200 g C m 2 y 1 (Goenng
et al 1973, Sambrotto and Lorenzen 1986) Assummg agatn that the annual
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zooplankton producnon 18 roughly 15% of the pnmary producb.vIty, 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 vanes
from a low m February of about 10 mg m 3 to a htgh of more than 600 mg m 3 m
June and July (Cooney et al 200la) For selected other coastal areas outsIde PWS,
the seasonal range of zooplankton bIomass mcludes wmter lows of about40 mg m-3

to sprmgjsummer htghs approachmg 5,000 mg m-3 (m outer Kachemak Bay, for
whtch a converSIon of settled volumes may have been contanunated by large
phytoplankton m the samples, see (Cooney 1986)

In addtnon to strong seasonaltty m standmg stocks and rates of producnon,
plankton commumnes also exhtbit predtctable seasonal specIes successIOn each
year m the oceamc and shelf enVIronments Over the shelf, the large dlatom
dommated sprmg bloom gives way to dmoflagellates and other smaller forms as
nutrIent supphes dtmmISh 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, ThalasslOszra, and Chaetoceros Later m June, under post-bloom nutrIent
restncnon, dtatoms were dommated by smaller Rhzzosolenza and hny flagellates
Thts seasonal shtft m dommance from larger to smaller plant speCIes m response to
dechnmg nutrIent concentranons and supply rates 18 commonly observed mother
htgh-Iantude systems and 18 beheved to be responsIble for dnvmg the succeSSIon m
the grazmg commumty Because of the Iron hmttanon m the oceamc regtme, the
pnmary producer commumty 18 more stable there, With hny diatoms,
mtcroflagellates, and cyanobactena dommahng year-round

The zooplankton succeSSIOn 18 somewhat more complex and mvolves
mterchanges between the ocean and shelf ecosystems In the late wmter and
sprmg, the early COpepodite stages of Neocalanus spp begm arnvmg m the upper
layers from deepwater spawnmg populanons (Miller 1988, Mtller and NIelsen 1988,
Mtller and Oemons 1988) Thts amval occurs m some coastal areas (at depths of
more than 4OOm) m late February and early March, but 18 delayed about 30 days m
the open ocean Both Neocalanus spp and Eucalanus bungll are mterzonal seasonal
mtgrators, hvrng a porhon of theIr hfe cycle m the upper layers as developmg
COpepodites, and later reshng m diapause m the deep water preparmg for
reproducnon at depth Whtle maturmg m the oceamc surface water, Neocalanus
plumchrus and N jlemz.ngen mhabit the wmd-mtXed layer above the seasonal
thermochne (upper 25 to 30 m), whtle N cnstatus (the largest of the subarcb.c
copepods) and Eucalanus bungll are found below the seasonal strahftcanon (Mackas
et al 1993) Thts unusual parhnonmg of the surface ocean enVIronment by these
specIes has not yet been venfted for shelf and coastal waters, although It has been
suggested that the parhnonmg may occur m the deep-water fjords and sounds
(Cooney unpubhshed)
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Along With the early copepodltes of the mterzonal nugrators, the late wmter
and sprmg shelf zooplankton cornmuruty also hosts small numbers of
Pseudocalanus spp , Metndza paClfica, M okhotenszs, and adult Calanus marshallae
Because these copepods must fust feed before reproducmg, theIr seasonal numbers
and bIOmasS are set by the tIrnmg, mtensIty and duratIon of the dIatom bloom By
May and early June, the abundances of small copepods hke Pseudocalanus and
Acartza are mcreasmg, but the cornmuruty bIOmass IS often donunated by relatIvely
small numbers of very large developmental stages (C4 and C5) of Neocalanus
(Cooney et al 200la) After Neocalanus leaves the surface waters m late May and
early June for dIapause deep below the surface (at locatIons where depths pernut),
Pseudocalanus, Acarha, and Centropages (small copepods), the pteropod LlmlClna
paClfica, and larvaceans (Okzopleura and Fntlllarza) 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 cornmon These sluftmg seasonal dommants are Jomed by
several dIfferent euphausllds (Eup~uszaand Thysanoessa) and amphIpods
(Cyphocans and ParathemlSto) throughout the year DespIte the fact that the
subarctIc net-zooplankton cornmuruty COnsISts of a large number of dIfferent types
of anImal (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)

Few measurements and estImates are avaIlable for year-to-year and decadal
scale vanabIhty 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 Prmce WIlliam Sound Aquaculture
CorporatIon, Cordova Once agam, annual sprmgtIme
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 BaJ<un upwelling mdex

calculated for a locatIon near Hmchmbrook Entrance ThIS 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 Sugrmoto and Tadokoro (1997) report a regrme shIft m the subarctIc
PaCIfIc and Bermg Sea m the early 1990s that generally resulted m lower
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zooplankton stocks m both regIons Perhaps m response to flus phenomenon,
sprmgtnne settled zooplankton volumes m PWS also declmed by about 50% after
1991 (Cooney et al 200lb)

The most provocanve pIcture of decadal-scale change m zooplankton abundance m
the GOA IS prOVIded by Brodeur and Ware (1992) WIth the use of spanally
dIstrIbuted oceamc data sets reporhng 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 producnon cycle durmg both posinve and neganve
aspects of the PD~ (Mantua et al 1997) A doublmg of net-zooplankton bIOmasS
was observed under conmnons of mcreased wmter wmds respondmg to an
mtensIfted Aleunan Low pressure system (the decade of the 1980s) ThIs sustamed
doublmg of bIOmasS was also reflected at Ingher tropInc levels m the offshore food
web (Brodeur and Ware 1995) It IS generally beheved the observed producb.on
sb.mulanon durmg the decade of the 1980s was created by mcreased nutrIent levels
asSOCIated WIth greater upwellmg m the Alaska Gyre The observed hOrIZontal
pattern of upper layer zooplankton stocks (FIgure 3 16) was an ImpreSSIve areal
expansIOn (posinve PDO) or contracb.on (neganve PDO) Under penods of
mtensIfted wmter wmds, some of the Inghest oceamc zooplankton concentranons
were developed m a band along the shelf edge m the northern regIons m the GOA
Unfortunately, data from the shelf Itself durmg flus same b.me penod are not
suffiCIent to ascertam how flus elevated bIOmass may have mtruded the conhnental
margm or reached the coastal areas

3.6.4 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 wInch matter and energy
are transferred through aquanc commumnes (by dIfferent levels of producers and
consumers) IS an overly sImplISnc pIcture of complex mteracnons and non-lmear
relanonsInps Useful m the lecture hall as a teachmg tool, and successfully apphed
to certam problems where fIrst-order esb.mates of producb.on at hypothencallevels
are sought based on esb.mates of plankton producnvIty, these formulanons usually
lack any dynamIC connecnon WIth the phYSIcal envIronment or nutrIent levels
They also generally faI1 to delmeate seasonalIty or other Important temporal
vanabIhty Nonetheless, because of the ease of theIr apphcanon and the acceptance
of certamSImp~gassumpnons (generalIzed ecolOgIcal transfer effiCIenCIes and
lumpmg taxa WithIn tropInc levels), the lmear food-web or carbon budget approach
conhnues to be used for selected purposes
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Figure 3.16 Biomass of plankton for the spring and summer period contrasted for a
negative POO period (top) and a positive POO period (bottom). The shaded boxes

present zooplankton biomass as follows: A represents 100 to 200 g/1 ,000 m
3

; B
represents 201 to 300 g/m3

, and C represents more than 300 g/m3
.
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Bottom-up tropluc models of food-web structure suppomng the producnon of
ftshes, bIrds, and mammals m open ocean, slope, estuarme, and fjord enVIronments
m the GOA were formulated by Parsons (1986) m a synthes18 of mformanon
complied pnmanlyas the result of the MMS-funded OCS studIes More recently
Okey and Pauly (1~98) developed a mass balance formulanon wIth the Ecopath
model of tropluc mass balance for a PWS food web as the result of the EVOS
Restoranon Program These models are certamly lllStrucb.ve at some level of
generahty, but theIr usefulness for descnbmg spectftc chmate-related mechanlSms
that ffilght modify food-web transfers 18 probably hffilted by theIr detachment from
the phySIcal enVIronment and theIr rehance on annually or seasonally averaged
stock SIZeS and producnV1nes

Instead, It may be more lllStrucnve to eXaffillle how evolved behavIOral traits
and other aspects of the hfe lustones of the dOffilllant plankters (and other forage
taxa) lend themselves to food-web transfers that could be affected by chmate
change To do thlS, It will be lffipOrtant to study how the bIOlogy at lower tropluc
levels mteracts (on a varIety of b.me and space scales) WIth the physIcal
enVIronment to create enhanced (or dlffimtshed) tropluc opportumnes m the
consumer matrix of dtfferent habItats and seasonal charactenzanons that pervade
the manne ecosystem m the northern GOA The compressed nature of the annual
plankton producb.on cycle m OCeaniC, shelf, and coastal waters seemmgly places a
preffilum on "b.mmg" as a strategy to IDaXlffi:LZe the chances for successfully hnkmg
consumers to each year's burst of organIc matter Synthes18 Paul and Sffilth (1993)
found that yellowfm sole replenlShed theIr seasonally depleted energy reserves
each year m a short penod of about 1 month followmg the peak m pnmary
producnV1ty Tlus rapId replenlShment of energy reserves 18 presumably poSSIble
because of the structural properties of forage populanons that occur abundantly
dunng the short and mtense producnon cycle Patch-dependent feedmg 18 a term
used to descnbe how~y consumers respond to the gramy b.me and space
dlStnbunons of food m theIr feedmg enVIronments (Vahela 1995) In the case of
plankters, wluch by defmtnon move WIth the water, temporal and spanal
patchmess can be created or dlSslpated through mteracnons WIth (1) phySIcal
processes such as verncal and honzontal transport and dtffuslOn, and (2) bIOlOgIcal
attributes such as rapId growth and swarmmg or layenng m assocranon WIth
feedmg, reproducnve behaVIOrs, or both

For example, the more than 2 month maturanon process for the large OCeaniC

copepods (Neocalanus spp ) growmg m the near-surface of the open ocean, shelf,
and some 'r0astal enVIronments concludes WIth a short penod (15 to 30 days) m
wluch the bIOmass peaks each year, 18 concentrated m the largest (C4 and CS)
copepodltes, and 18 compressed mto relanvely thm layers and swarms connguous
for tens, poSSIbly hundreds of km (Mackas et al 1993, Cooney 1989, Coyle 1997,
Ktrsch et al 2000) In Its most concentrated form, thlS seasonally ephemeral
bIOmass 18 an lffiportant source of food for dlvmg sea bIrds (Coyle 1997), whales,
and planknvorous ftshes such as adult Alaska pollock and Pactftc hernng (Willette
et al 1999) Acousnc observanons suggest the degree of plankton swarmmg or
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layermg depends, m part, on the strength of water column nuxmg and Stablhty
Ntunencal models of the producnon cycle m PWS demonstrated that mterannual
vananons m the tJ.mmg of the annual peak m zooplankton probably reflects
dIfferences m the tJ.mmg of the earher phytoplankton bloom each year Eslmger et
al (2001) reported that the sprmg dIatom bloom vaned 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 effecnveness of food-web
transfers to fIshes, buds, and other consumers WIth severe consequences PacrfIc
herrmg have apparently evolved a reproductJ.ve strategy to place age-O JUvem1es m
the water column precISely at the tIme of the mId-summer peak m plankton forage
Failure to successfully provISIOn themselves by ffilSsmg the most optImal summer
feedIng condInons may contnbute to hIgh rates of wmter starvanon for age-O
herrmg m PWS (Cooney et al 2001b)

In another example, Cooney (1983) reported a poSSIble mteractJ.on between the
movements occurnng over the lIfe cycle of large oceamc calanOld zooplankton,
ontogennc mIgranons and an ennchment of feedIng habItats for fIshes, buds, and
mammals over the shelf forced by lOCalIZed convergences m the late wmter and
sprmg months As prevIOusly mennoned, Neocalanus spp arnve m the surface
waters of the deep ocean m March and Apnl 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 envrronment depends on the sprmg dIatom bloom for
growth and maturanon Because the developmg COpepOditeS have an affmIty for
the upper layers where the phytoplankton productJ.on occurs (Mackas et al 1993),
they may be able to counteract regtons of downwellmg and convergence by
conbnumg to mIgrate upward m these zones (a few tens of m per day at most)
Where they successfully detach themselves from the downwellmg water,
populanons advected shoreward mto convergences (possIbly m the frontal regton
of the ACC) will accumulate These zones of hIgh copepod (and perhaps other
taxa) bIOmasS should represent regtons of potennally hIgh trophIc effiCIency for
planknvores bmlt and mamtamed for a few weeks by wmd-forced honzontal and
verncal 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 pornon 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 parnally explam how the seasonally perSIStent
downwellmg shelf sustams the observed hIgh annual producnon at hIgher trophIc
levels I<lme (1999a), m studIes of carbon and rutrogen ISOtopes of zooplankton
sampled m PWS, found that 50% or more of the dIapausmg Neocalanus cnstatus
overwmtermg m the deep water ongtnated from populanons outsIde PWS each
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year Smular ISotopIC SIgnalS m hemng and other coastal fIshes seem to confmn a
parbal role for the bordermg ocean m "feedmg" at least some coastal habItats

Coyle (1997) descnbed the dynarrucs of Neocalanus cnstatus m frontal areas
along the northern and southern approaches to the AleutIan Islands In regIOns
near water column InstabilitIes that fostered nutnent exchange for nearby stratIfIed
phytoplankton populatIons, these large ocearuc copepods occurred along
pycnoclmes m subsurface swarms and layers that were m tum attractIve feedmg
SItes for dIvmg least auklets These trophIc asSOCIatIons (observed acoustIcally)
formed and dISSIpated m response to weather and tIdal mod1fJ.ed forcmg of the
waters over the shelf north and south of the AleutIan Islands

Kusch et al (2000) descnbed dense layers (10 to 20 m m vertIcal extent) of C4
\

and C5 Neocalanus plumchrus, N flemmgen, and Calanus marshalle m the upper 50 m
of PWS that serve as seasonally Important feedmg zones for adult Alaska pollock
and PacIfIc hemng Swarmmg behaVIOr m the upper layers by these copepods,
respondmg to the dIStnbutIon of therr food m the euphotIc zone, compresses
Neocalanus mto layers stretchIng for tens of km that are readily located and utIhzed
by planktIvores Other observatIons at the tIme found the layers of copepods were
absent or only weakly developed m areas WIth hIgh mIXmg energy lIke outer
Montague StraIt

DIel mIgratIons of many taxa bnng deep populatIons mto the surface waters
each rught The large bodIed copepod Metrub.a spp and many Pact.fIc euphausllds
(Euphausza and Thysanoessa) represent zooplankters that undergo substantIal daily
mIgratIons from deep to shallow waters at rught A vanety of reasons have been
proposed for thIS behaVIOr (Longhurst 1976) Regardless of the "why," vertIcally
mIgratIng populatIons that build local concentratIons near the sea surface durmg
darkness represent another way that behaVIOral traIts are responsIble for creatIng
patchmess that may enhance trophIc exchange Cooney (1989) and Stockmar (1,994)
studIed dlel and spatIal changes m the bIOmasS of net-zooplankton and
mIcronekton 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 atrught
caused by Metndza paczfica and several dIfferent euphausllds that often exceeded
dayhght levels by a factor of fIVe.Or-SlX

Spnnger, et al (1996) make a strong case for the enhancement of pnmary and
secondary productIVIty along the shelf edge of the southeastern Benng Sea CItIng
tIdal mIXmg, transverse crrcu1atIon, and eddIes as mechanISms to mcrease nutnent
supphes, thIS so-called"greenbelt" IS descnbed as 60% more productIve than the
outer-shelf envrronment and 270% more productIve than the bordenng 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 Metndza spp, Neocalantls 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 PacIfIc GLOBEC study (Wemgartner 2000) IS morutoring pnmary
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produrnvity 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 formahon over the shelf and slope regtrnes
may also mfluence the patchmess of plankton m ways that could be susceptIble to
changmg clImate forcmg A permanent feahIre (eddy) m the coastal water west of
Kayak Island IS often VISIble because of entramed sedIment from the Copper River
Formed by a branch of the ACC, thIS eddy may help concentrate plankton
populahons 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 lillplIcahons for the transport and retenhon of
Icthyoplankton These eddies (cycloruc and anhcycloruc) are belIeved 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 penphery of the GOA (Musgrave et al 1992) Slllll1ar features on the
east coast of the Uruted States have been shown to be long-lIved (many months)
and capable of susta1rung uruque bIOlOgical assemblages as they move through
hrne and space These same characteflShcs are also expected for the northern GOA

3 6 5 Climate Forcmg of Plankton Production m the Gulf of Alaska

A major challenge for the GEM program will be to evenhIally produce a
detaIled understandmg of lower tropluc level processes that arISe through
bIOlOgical mterachons With the spahally dIStnbuted geolOgical and phYSICal
properhes of the northern GOA ThIS evolvmg understandmg must take mto
account the flow-through nahIre of the northern and eastern regIons-downstream
from southern Southeast Alaska and Northern Canada (through the ACC) and also
downstream from porhons of the southern oceamc Subarchc and Transihon Zone
domams (through the North PacIfIc and Alaska currents) The"open" condIhon
places mcreasmg lillportance on understandmg levels of plankton lillports (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)
Itwill 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 WithIn the northern GOA Here too the lillport (or export) of nutnents,
orgamc detnhIs, and IIvmg plankton stocks to (or from) the shelf must be evaluated
under dIfferent condihons of clImate and weather

The pichIre that emerges from the aggregate of preVIOUS and ongomg plankton
shIdIes portrays a large oceamc ecosystem forced strongly by phYSICal processes
that are meteorolOgically dnven PhYSICal processes such as deep and shallow
currents, large-scale and localIzed upwelling and downwelling, seasonally phased
precrpitahon, and runoff may brmg about changes m the ecosystem The
reprodurnon, growth and death processes of the plants and amrnals of the oceamc
ecosystem appear to be respondmg pnrnanly to marked seasonalIty and
mterannual and longer-penod sluffs m the mtensity and locahon of the wmter
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r\ Aleuhan Low pressure system Increased upwellmg m the offshore Alaska Gyre
U may promote lugher rates of nutnent renewal m the ocearuc surface waters WIth

attendant mcreases m pnmary and secondary produchVlty Elevated wmd-forcmg
probably accelerates the transport of upper-layer ocearuc zooplankton shoreward
to the shelf edge and beyond The frequency and degree to wluch tlus ocean
denved bIOmasS"feeds" the food webs of the conhnental shelf and coastal areas

I

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 oceanograpluc 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 dIstnbuhon 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 sa1mIty Specrftc mecharusms by wluch surface zone nutnent
levels are cycled and mamtamed m the vanety of dIfferent habItats that compose
the open shelf and rugged coastal margtns must be understood m much greater
detaIl to be useful to the overall GEM mISSIon

G

10

It seems hkely that the soplushcated understandmg sought by the GEM
program of clImate mfluences on the coupled nutnent and plankton produchon
regtmes that support selected consumer stocks may have to come from studIes that
abandon the prachce of lumpmg taxa Withm broad ecolOgically funchonal umts,
and Instead focus on "key spectes" Fommately, the subarchc pelagiC ecosystem
(ocearuc, shelf, and coastal) 18 dommated by a relahvely small number of plankton
spectes that serve as major condUIts for matter and energy exchange to lugher-Ievel
consumers each year In the case of the zooplankton, fewer than 50 specIes Withm a
handful of major taxa comprISe 95% or more of the abundance and bIOmass
throughout the year Because of tlus pattern of dommance, and further because of
the dIfferent lIfe lustory strategies employed by these specIes, a more
comprehensIve understandmg of theu ecolOgical roles 18 both necessary and
feasIble A decISIon to conduct dommant specIes ecology must be understood at all
levels of the study so that, for Instance, technICIans conduchng future stomach
analyses of fIShes, buds, or mammals will report not Just "large copepods and
amplupods," but rather Neocalanus cnstatus and Parathemzsto lzbellula ThIS nuance
holds pamcular Importance for future modelers workmg on numencal
formulahons that mclude "plankton" WIthout tlus degree of SpecIfICIty, It 18

unhkely that further (&eld and numencal) studIes will forge the understandIng of
lower tropluc level funchon sought by the GEM program m the northern GOA

366 General Research Questions

What are the relahonslups between the Inshore (watersheds, mtemdal-subhdal,
and ACC) and offshore produchon cycles, how are the Inshore and offshore phased
through hille, and how do they mteract at theu boundanes over the shelf?
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• How are the relahonslups between offshore and mshore produchon
mamfested m food webs suppomng bIrds, ftsh and mammals?

• How are the effects of future chmate change mamfested m mshore and
offshore food webs suppomng bIrds, ftsh and mam.mals?

What are the changes m abundance of the mdiVIdual specIes of large copepods,
amplupods and euphausnds that make up the bulk of the secondary producb.on m
the mshore and offshore GOA?

Because the GOA covers a vast and dIverse area,
3 7 Nearshore BenthiC Its benthIc commumhes exlubit tremendous

Commumtles VarIahon (Feder and Jewett 1986) As m any
marme benthIc system, however, the composihon,

funchonmg, and dynamICS of the GOA benthIc commumhes change predIctably
WIth certam umversally tmportant vanables The most tmportant two
envIronmental vanables are water depth and substratum type (RafaellI and
Hawkms 1996) The followmg depth zones are typIcally dlShngmshed

• The mterhdal zone,

• The shallow subhdal zone (bounded by depth of lIght penetrahon suffiCIent
for photosytheslS of benthIc algae),

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

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

The most fundamental substratum dlShnchons are hard bottom (rocks, boulders,
cobbles) and soft bottom (mobIle sedImentary habItats lIke sands and muds)
Withm these two types, geomorphology vanes substanhally, With bIOlOgical
tmplIcahons that often mduce further habItat parhhonmg (page et al 1995,
Sundberg et al 1996)

Understandmg of commumty composihon and seasonal dynamICS of GOA
benthos has grown dramahcally over the past 30 years, WIth two dlShnct pulses of
research FIrst, m contemplahon of explorahon and development of the oIl and gas
resources of the region, the MMS, NOAA NMFS, and Alyeska Consorhum funded
geograplucally focused benthIc survey and momtormg work m the 1970s ThIS
work proVIded the fIrst wmdows mto the quanhtahve benthIc ecology of the
region Focus was most mtense on lower Cook Inlet, the Aleuhan Islands, the
Alaska Penmsula, KodIak Island, and northeast GOA, mcludmg the Valdez Arm m
PWS (Rosenberg 1972, Hood and Znnmerman 1986) The second phase of growth
m knowledge of the benthos of the GOA region was tnggered by the EVOS m 1989
ThIS work had broad geograpluc coverage of the rocky mterhdal zone The area
receIvmg the most mtense study was PWS, where the spill ongInated Geograpluc
coverage also mcluded two other regions, the KenaI Penmsula-Iower Cook Inlet
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and the Kodiak arclupelago-Alaska Penmsula (page et al 1995, Gtlftllan et al
1995a, Gtlftllan et al 1996b, Htghsrruth et al 1994b, Htghsrruth et al 1996,
Houghton et al 1996a, Houghton et al 1996b, Sundberg et al 1996) Some of tlus
benthtc study followmg the oll spill was conducted m other habitats (soft substrata
[Dnskell 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)
Herrmg Bay on Kmght Island m PWS was a Site of especially mtense momtormg
and expenmentatlon on rocky mtertldal commumtles followmg the oll spill (van
Tamelen et al 1997)

371 Intertidal Commumtles

The mtertldal habitat 18 the portlon of the shorelme m between the lugh and
low (0 D-m datum) tide marks Tlus mtertldal zone occupies the umque tnple
mterface among the land, sea, and aIr The land proVides substrate for occupation
by mtertldal orgamsms, the seawater the velucle to supply necessary nutrients, and
the au a memum for passage of solar energy, yet a source of phYSical stresses
(Connell 1972, Underwood and Denley 1984, Peterson 1991) Interfaces between
separate systems are locations of typically lugh biolOgical act1vlty As a tnple
mterface, the mtertldal zone 18 exceptionally nch and blOlogIcally productive
(Rtcketts and Calvm 1968, Leigh et al 1987) Wmd and tidal energy combme to
subSidIze the mtertldal zone With planktomc foods produced m the phOtiC (sun-Itt)
zone of the coastal ocean Runoff from the adjacent land mass mJects new suppItes
of morgantc nutnents to help fuel coastal production of benthtc algae, although
such runoff m Alaska 18 typically nutnent-poor and can be very turbid (Hood and
Ztmmerman 1986) The consequent abundance and diverSity of hfe and hfe forms
m the mtertldal zone serves many tmportant consumers, commg from land, sea,
and au, and mcludmg humans The aesthetic, econorruc, cultural, and recreational
values of the mtertldal zone and Its resources augment Its slgmftcance, especially m
the GOA region (peterson 2001)

The blOta of mtertldal habitats vanes With changes m phySical substrate type,
wave energy regtme, and atlnosphenc cltmate (Lubchenco and Games 1981)
Substrata m the GOA mtertldal zone dIffer as a function of SIZe, rangmg from
tmmoblle rock walls and platforms, to boulders and cobbles, to gravel, to sands,
and fmally to muds at the fmest end of tlus pamcle-sIZe spectrum Rock surfaces m
the mtertldal zone are populated by eplblota, wluch are most commonly attached
macro- and IIUcroalgae, sesslle, or tmmoblle, suspenslOn-feedmg mvertebrates, and
moblle grazmg mvertebrates, as well as predatory seastars and gastropods (Connell
1972, Rafaelll and Hawkms 1996) Unconsohdated (soft) substrata-the sands and
muds-are occupied by large plants m low-energy envIronments, such as marshes,
and rrucroalgae and mfaunal (buned) mvertebrates m all energy regtmes (peterson
1991) Moblle scavengmg and predatory mvertebrates occur on both types of
substratum Intertldal commumtles vary With wave energy because of
blOmechamcal constramts (especially on potentially slgmftcant predators),
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changmg levels of food subsIdy, and mterdependencles between wave energy and
substratum type (LeIgh et al 1987, Denny 1988) IntertIdal commurutIes tend to be
most luxunous m temperate clImates, Ice scour artd turbId fresh water lImIt
mtertIdal bIota at hIgh latItudes such as those m the eastern GOA The rocky
mtertIdal commurutIes of the PacIfIc Northwest, mcludmg the rocky shores of
ISlands m the GOA regIOn, are hIghly dIverse, although less so than those m
WashIngton These commurutIes are also productIve, although lImIted by
dIsturbance of wmter stonns and reduced solar InSulatIon (Bakus 1978)

The rocky mtertIdal ecosystem may represent the best understood natural
commuruty of plants and anImals on earth EcologISts realIzed more than 40 years
ago that thIS system was uruquely well SUIted to expenmentatIon because the
habItat was accessIble and basICally two-dImensIOnal and the organISms were
manIpulable and observable Consequently, ecolOgIcal SClence has used
sophIStIcated expenmental manIpulatIons to produce a detaIled understandmg of
the complex processes mvolved m determmmg patterns of dIstnbutIon and
abundance of rocky mtertIdal organISms (pame et al 1996, Dayton 1971, Connell
1972, Underwood and Denley 1984) Plants and anlffia1s of temperate rocky shores
exhIbIt strong patterns of vertIcal zonatIon m the mtertIdal zone PhYSICal stresses
tend to lImIt the upper dIstnbutIons of specIes populatIons and to be more
Important hIgher onshore, competitIon for space and predatIon tend to lImIt
dIStrIbutIons lower on the shore Surface space for attachment IS potenbally
lImItIng to both plants and anImals m the rocky mtertIdal zone In the absence of
dISturbance, space becomes lImItIng, and competItIon for that Ilffilted space results
m competItIve exclUSIOn of mfenor competItors and monopolIzatIon of space by a
competItIve dommant PhYSICal dIsturbance, bIOlOgIcal dIsturbance, and
recrUItment lImItatIon 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
commuruty structure and dynamtcs m thIS 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)

I -"u
72

IntertIdal commurutIes occupymg unconsolIdated sedIments (sands and muds)
are qUIte dIfferent from those found on rocky shores (peterson 1991) These soft
bottom commurutIes are composed of mfaunal (buned) mvertebrates, mobIle
mIcroalgae, and abundant transIent consumers, such as shorebIrds, fIShes, and
crustaceans (Rafaelli and HawkInS 1996) Macroalgae are sparse, and are found
attached to large shell fragments or other stable hard substrata In very low energy
enVIronments, large plants, such as salt marsh grasses and forbs hIgh on shore and
seagrasses low on shore, occur m mtertIdal soft sedIments (peterson 1991) The
large stretch of mtertIdal soft-sedIment shore m between those vegetated zones has
an empty appearance, whIch IS ffilSleadmg The plants are mIcrOSCOpIC and
productIve, the mvertebrate anlffia1s are buned out of SIght The soft-bottom
mtertIdal habItat represents a cntIcally Important feedmg ground, especIally for
'1
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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 shorelmes of the GOA exhIbIt a Wide range of habItat types True
soft-sednnent 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 thIs regIOn (page et al 1995, Sundberg et al
1996) Abundance, bIOmass, productIVIty, and dIverSIty of mtertIdal commumtIes
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 AleutIan
Islands, for example, have ncher mtertIdal commumtIes than the mam1and of the
northeast GOA, and the mtertIdal commumtIes of Kodiak and Afognak tend to be
ncher than those of the Shebkof Strait maInland on the Alaska Penmsula (Bakus
1978, HIghsmIth et al 1994b) GlaCIer Ice melt depresses mtertIdal bIOtIC
commumtIes 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 mtertIdal
cobble and boulder shores, thereby removmg mtertIdal epibIOta dIrectly through
abrasIOn (Sousa 1979) Shores With well rounded cobbles and boulders have
accordIngly poorer mtertIdal 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 actIon m thIs regIOn (Dayton 1971)
Consequently, exposed rocky coastlmes may expenence more seasonal fluctuatIons
m epibiotIc coverage than commumtIes on slffillar substrata m protected fjords and
embayments (Bakus 1978)

The rocky mtertIdal shores of the spill area exhIbIt a typICal pattern of vertIcal
zonatIon, although the partIcular speCIes that dOmInate vary m Importance as a
functIon of changmg habItat condItIons (H1ghsmIth et al 1996, Houghton et al
1996a, Houghton et al 1996b) VertIcal zonatIon on mtertIdal rocky shores IS a
umversal feature, caused by a combmatIon of dIrect and mdIrect effects of helght
specIfIc duratIon of exposure to arr (pame 1966, Connell 1972)

The uppermost mtertIdal zone on rocky shores of the GOA IS characterIZed by
a dark band of the alga Verruccana The rockweed (Fucus gardnen) dommates the
upper mtertIdal zone, whIch also mcludes two common barnacles (Balanus glandula
and Chthamalus dalll), two abundant lImpets (Tectura persona and Lottla pella), and
the penWInkle (Llttonna Sltkana) (SAl 1980, Hood and Znnmerman 1986, HIghsmIth
et al 1994b)

The mIddle mtertIdal zone commonly has even hIgher cover of Fucus, along
~/ WIth beds of blue mussels (Myhlus trossulus), the penWInkle (Llttonna scutulata),
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barnacles, and the predatory dnllmg sruul (Nucella lamellosa and N llma) (Carrop
and HIghsnuth 1996) In the low mterbdal zone, a red alga (Rhodymenla palmata)
often 18 dommant, although mussel beds often occupy large areas and the grazmg
chttons (Kathanna tumcata, Mopalla mucosa, and Tonlcella lmeata) and predatory
seastars (Leptastenas hexachs and others) occur here (SAl 1980, Htghsnuth et al
1994b) The blue mussel 18 a very slgruftcant member of thts commuruty because It
18 a potenhal compehhve donunant (VanBlarIcom 1987) and because Its byssus and
between-shell mtershces provIde a protected habItat for a dIverse smte of smaller
mobile mvertebrates, mcludmg l8opods, amphtpods, polychaetes, gastropods, and
crabs (Suchanek 1985)

Abundances of rocky mterbdal plants and antrnals m the GOA are controlled
by the same smte of factors that affect rocky shore abundances and dynanucs
elsewhere, espectally m the Pacrftc Northwest PhySIcal factors, such as wave
achon from wmter storms, exposure to au htgh on shore, Ice scour, and low salmtty
and turbldtty from glacIal and land runoff, have tmportant effects on wave..
exposed areas (Dayton 1971, Dayton 1975, Bakus 1978)

Blologtcal controls also exert slgruftcant mfluences Probably the most
slgruftcant of these hkely controllmg factors for mterbdal blOta are predahon and
recrwhnent ltmttahon Predahon by seastars 18 an tmportant control of
mvertebrate prey populahon abundances and, therefore, of commuruty
composlhon low on mterbdal rocky shores (pame 1966, Dethter and Duggtns 1988)
Because blue mussels are typIcally the preferred prey and represent the dommant
compehtor for potenhally ltmtted attachment space, thts predahon by seastars has
tmportant cascadmg effects of enhancmg abundances of poorer compehtors on the
rock surfaces (pame 1966) Predahon by gastropods occasIonally helps control
mussel abundances (Carroll and HIghsnuth 1996) and barnacle populahons htgher
on shore m the GOA (Ebert and Lees 1996) Shorebrrd predahon, especIally by
black oystercatchers, 18 also known to ltnut abundances of hmpets on honzontal
rock surfaces of the Pactftc Northwest mterbdal zones, and thts process can be
readily dl8rupted by human mference WIth the shy shorebrrds (Lmdberg et al
1998) The presence of numerous strong blOhc mterachons m thts rocky mterhdal
commumty of the GOA led to many mdrrect effects of the EVOS m thts system
(peterson 2001) Because of the mfluence of current flows and mortaltty factors
such as predahon m the water column, larval recrwhnent can also ltmtt populahon
abundances of marme mvertebrates on mterhdal rocky coasts (Games and
Roughgarden 1987, Menge and Sutherland 1987) WIth a short warm season of
htgh produchon m the GOA, the potenhal for such recrwhnent ltmttahon seems
htgh, but process studIes to charactenze and quantIfy thts factor have not been
conducted m the GOA Changes m prtmary produchon, water temperature (and
thus breedmg season), and phYSIcal transport dynanucs assocrated WIth regtonal
cltmate shtfts could reasonably be expected to regulate the mtenslty of recrulhnent
ltmttahon on some rocky shores m the GOA
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The consequences of change caused by vanous natural and human-dnven
factors on the structure and dynanucs of the rocky mterhdal commurutIes are not
well developed m the screnb.fi.c lIterature For example, human harvest by ftshenes
or SubsIStence users of Important apex predators that exert top-down control on
mterhdal 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 hmlted m abundance m the GOA regIOn

OceanographIc processes related to clImate change, either natural or human
dnven through global warmmg, have the potentIal to either enhance or reduce
recruitment of component mvertebrate species of the rocky mterhdal commurutIes,
but studies of the connectIons between coastal phySical dynamICS and shorelIne
commurutIes are m therr mfancy (Caley et al 1996) Perhaps the best documented
dnver of change m composItIon and dynamICS of rocky mterhdal commurutIes IS
the Impact of Oll spllls The cleanup treatments after the spill, either dIspersants
(Southward and Southward 1978) or pressunzed washes (Mearns 1996), have far
more senous Impacts than the ollitself Because of the Important strong
mteractIons among species m rocky shore commurutIes, the multIple mdrrect
effects of Oll spllls on thIS system take about a decade to work therr way out of the
system (Southward and Southward 1978, Peterson 2001) Intensive samplIng and
expenmental work on rocky mterhdal commurutIes on sheltered shores m PWS
followmg the EVOS make thIS regIOn data-nch relatIve to most other Alaskan
shores

Interhdal 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 (SA11980, Hlghsffilth et al 1994b) The taxonOffilC groups that
dommate mterhdal soft bottoms are polychaete worms, mollusks (especially
bivalves), and amphIpods (DrISkell et al 1996) Sandy sedIments have hIgher
representatIon by suspensIOn-feedmg mvertebrates, whereas £mer, muddy
sedIments are dommated by deposlt-feedmg species (Bakus 1978, Feder and Jewett
1986) Interhdal 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 commerCial, recreatIonal, and subsIStence harvest
(Feder and Ka1.ser 1980) Most Important are the lIttleneck clam (Protothaca
stammea), the butter clam (Saxzdomus gzganteus), the razor clam (Szlzqua patula), the
cockle (Gmocardzum nuttallll), the pmk-neck clam (Spzsula polynyma), the gapers
(Tresus nuttallll and T capax), and others (Feder and Paul 1974) In mudflats, such
as those along the shores of Cook Inlet, dense beds of a deposlt-feedmg clam,
Macoma balthzca, and the soft-shell clam (Mya arenana) frequently occur (Feder et al
1990) These two relatIvely soft-shelled clams are slgrnf1cant food resources for
many seaducks, and the hard-shelled clams are Important prey for sea otters
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(KvItek 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 addibon to macrofauna! mvertebrates, smaller
melOfauna! mvertebrates are abundant on mtertIdal sedImentary shores
Macrofauna descnbes anImals that are retamed on a 0 5-mm mesh, melOfauna
refers to anImals passmg through a 0 5-mm mesh but retamed on 0 06-mm mesh,
and mIcrofauna are anImals smaller than 0 06 mm Nematode worms and
harpacbcOld_copepods are the most common meofauna! taxa m the GOA region
(Feder and Paul 1980b) HarpacbcOlds serve an Important role m the coastal food
cham as prey for Juvemle fIshes, mcludmg salmomds (Sturdevant et al 1996)

LIttle mformabon eXISts on the dynanucs of long-term change m structure and
composibon of mtertIdal commumbes 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 mfluence on soft
sedIment mtertIdal commumbes because of the geomorphological modtfIcabons of
habItat (NRC 1971) Uphft of the shorehne 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 Gam populabons 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 s1ffi11arly caused tremendous changes
m clam populabons m shallow soft-sedIment commumbes of the northern GOA,
mostly m subbdal areas, but also m mtertIdal sedImentary enVlfonments (KV1tek et
al 1992)

Human Impacts can cause change m soft-sedIment mtertIdal commumbes as
well Probably the most common means by whIch human acbVIbes modIfy soft
sedIment commumbes m mtertIdal habItats IS through alterabon of sedIments
themselves The apphcabon of pressunzed wash after the EVOS, for example,
eroded fme 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) AddIbon of
organIc ennchment can sbmulate growth, abundance, and producbon of
opportumsbc mfaunal mvertebrates such as several polychaetes and ohgochaetes
m mtertIdal sedIments Such responses were documented followmg the EVOS
(GIlfillan et al 1995a, Jewett et al 1999), presumably because the oil Itself
represented organIc ennchment that entered the food cham through enhanced
bactenal producbon (peterson 2001) Other types of organIc ennchment, such as
bIochemIcal oxygen demand m treated wastewater from mumClpal treatment
facmbes or mdustnal dIScharges, can create these same responses DepoSIts of
toXiC heavy metals from ffilllifig or other mdustrial acbVIbes and of toXIC synthebc
orgamc or natural organIc contamInants, hke PAHs m oil, can cause change m
lrttertIdal benthic commumbes by selecbvely removmg sensIbve taxa such as
echInoderms and some crustaceans Gewett et al 1999)
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Interhdal commumnes are open to use by consumers from other systems The
great extent and Importance of tlus habitat as a feedmg grounds for major marme,
terrestnal, and aenal predators render the mterndal
system a key to mtegrabng understandmg of the
funcnon m the entrre coastal ecosystem (petersQn 2001)
The mterhdal habitats of the GOA are cnncally
Important feedmg grounds for many Important
consumers

• Marme-sea otters, Juverule Dungeness and other crabs, Juverule shnmps,
rockfIshes, cod, cutthroat trout, and Dolly Varden char m summer, and
Juvemle fIshes of other stocks explmted commercrally, recreanonally, and
for sUlSsl8tence, mcludmg pInk and chum salmon,

• Terrestnal-brown bears, black bears, nver otters, Sitka black-tailed deer,
and humans, and

• AVlan-black oystercatchers and other shorebrrds, harlequm ducks, surf
scoters, goldeneyes, and other seaducks, and bald eagles

Interndal gravels m anadromous streams are Important spawnmg grounds
for pInk salmon, espectally m PWS Therefore, the mterhdal habitat provides
Vital ecosystem serVlces m the form of prey resources, spawnmg habitat, and
nursery, as well as human services m the form of commercial, recreanonal, and
subsl8tence harvest of shellftshes and aesthenc, cultural, and recreanonal
opportumnes In short, a habitat that represents only a small fracnon of the
total area of the seafloor may be the most valuable for the services It proVldes to
the coastal ecosystem and to humans

3.72 Subtidal Commumtles

The subndal habitat 18 the porhon of the seafloor found at depths below the low
nde (0 0 m datum) mark on shore Tills habitat mcludes a relanvely narrow band
of shallow subndal bottom at depths m the phonc zone (the zone penetrated by
hght), where plants can hve, and a large area of unlit seafloor, the deep subbdal
bottom exte~dmgacross the conbnental shelf and slope to depths of 4,000 m m the
GOA (Feder and Jewett 1986) The depth to whtch suffiCient hght penetrates to
support photosynthesl8 and the slope of the subbdal seafloor determme the Width
of the shallow subndal zone Along a tectomc coastlme hke the GOA, depth
gradients are typically steep In addlnon, mJecnon of turbidity from glaCier Ice
melt along the coast reduces hght penetranon through the seawater These factors
combme to produce a shallow subbdal zone supportmg benthic plant producnon
m the regIOn of the spill that 18 very narrow Consequently, the vast maJonty of the
subndal ecosystem, the deep subndal area on the conbnental shelf and slope,
depends on an energy subSidy rn the form of rnputs of orgamc matter from other
marme and, to some small extent, even terrestrial habitats These orgamc mputs
mclude most Importantly detntus from producnon of rnterhdal seaweeds and from
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shallow subhdal seagrasses, seaweeds, and kelps, as well as parhcu1ate mputs from
phytoplankton, zooplankton, and zooplankton fecal pellets smkmg down from the
phohc zone above to settle on the seafloor In addihon, the carcasses of large
anImals such as whales, other marme mammals, and fIshes ocCasIOnally smk to the
bottom and provIde large dIscrete packages of detrItus to fuel subsequent mIcrObIal
and anImal produchon m the deep subhdal ecosystem

Although narrow, the shallow subhdal zone m which pnmary produchon does
occur IS of substanhal ecological sIgmfIcance Many of these vegetated habItats,
especIally seagrass beds, macrophyte beds, and kelps, provIde the followmg

1 Nursery grounds for marme anImals from other habItats,

2 Uruque habItat for a resIdent commuruty of plant-assocIated anImals,

3 Feedmg grounds for Important consumers, mcludmg marme mammals,
seaducks, and many fIshes and shellfIshes, and

4 A source of pnmary produchon for export as detrItus to the deeper unlIt
seafloor ecosystem (Schiel and Foster 1986, DuggIns et al 1989)

In the spill area, eelgrass (Zostera manna) beds are common m shallow
sedImentary bottoms at the margIns of protected embayments (McRoy 1970),
whereas on shallow rocky subhdal habItats, the kelps Agarum, Lamznana, and
Nereocystzs form dense beds along a large frachon of the coast (Calvm and Ellis
1978, SAl 1980, Dean et al 1996a) Produchvity eshmates m wet weIght for larger
kelps Nereocystzs and Lamlnana m the northeastern GOA range up to 37 to
72 kgjm2jyr (O'Oarr and ZImmerman 1986) In thIs shallow subhdal zone,
pnmary produchon also occurs m the form of smgle-celled algae These mICrobIal
plants mclude both the phytoplankton m the water column and benthIc mIcroalgae
on and m the sedIments and rocks of the shallow seafloor Both the planktoruc and
the benthIc mIcroalgae represent ecolOgically Important food sources for
herbIVorous marme consumers The typICally high turnover rates and high food
value of these mIcroalgal foods m the shallow subhdal zone helps explam the high
produchon 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 subhdal ecosystem ThIs benthIc
mvertebrate fauna m the shallow subhdal zone dIffers markedly as a £unchon of
bottom type (peterson 1991) Rocky bottoms are mhabited by epIfaunal benthIc
mvertebrates, such as sponges, bryozoans, barnacles, anthozoans, tumcates, and
mussels Sand and mud bottoms are occupIed largely by mfaunal (buned)
mvertebrates, such as polychaete worms, clams, nematodes, and arnphIpods The
feedmg or trophic types of benthIc mvertebrates vary With envIronment, eSpecIally
With current flow regIme (Rhoads and Young 1970) Under more rapId flows, the
benthos IS dOmInated by suspensIOn feeders, anImals extrachng parhcu1ate foods
out of suspensIOn m the water column Under slower flows, depoSIt feeders
dOmInate the benthos, feedmg on orgamc matenals deposIted on or m the seafloor
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The benthos also mcludes some predatory mvertebrates, such as seastars (for
example, leather star, Dennastenas 1mbncata, and sunflower star, Pycnopodta
heltanthmdes), crabs (for example, helmet crab, Telmessus chetragonus), some
gastropods, and some scavengmg mvertebrates (Dean et al 1996b) Bentluc
mvertebrates of soft sednnents are dIStmgmshed by SIZe, With entrrely dtfferent
taxa and even phyla occurrmg m the separate SIZe classes Macrofauna mclude the
most widely recOgnIZed groups such as polychaete worms, clams, gastropods,
amphlpods, holothunans, and seastars (Hatch 2001, Dnskell et al 1996)
Melofauna mclude most prommently m the GOA nematodes, harpachcOld
copepods, and turbellarlans (Feder and Paul 1980b) Fmally, mtcrofauna mclude
most prommently forammtfera, ciliates, and other protozoans Because the actual
spec1es composlhon of the benthos changes Wlth water depth, the shallow and
deep subbdal bentluc faunas m the spill zone hold few spec1es m common Soft
sedtment commumhes of Alaska are best descnbed and understood m vanous
locahons Wlthm PWS, as a consequence of the mtense study after the Oll spill

The shallow subhdal rocky shores that are vegetated also mclude smtes of
bentluc mvertebrates umque to those systems These bentluc mvertebrates either
duectly consume the large plants, such as sea urch1ns, or else are assoClated With
the plant as habitat Those species that depend upon the plant as habitat, such as
several species of amphlpods, crabs and other crustaceans, gastropods, and
polychaetes, often are grazers as well, takIng some ffilXture of macrophybc and
eplphybc algae m therr diets Grazmg by sea urch1ns on kelps IS suffiCiently
mtense m the absence of predahon on the urchlns, especially by sea otters m the
spill area, to create what are known as "urchm barrens" m whlch the macrophybc
vegetahon IS vrrtually removed from the seafloor (Estes and Palmtsano 1974,
Slffienstad et al 1978) In fact, tlus shallow subhdal commumty on rocky shores of
the GOA represents the best example m all of manne ecology of a system
controlled by top-down predahon Sea otters control abundance of the green sea
urchm, Strongylocentrotus droebacluensts When released from that otter predahon,
sea urchm abundance mcreases to create fronts of urchlns that overgraze and
denude the kelps and other macroalgae, leavmg only crustose forms behmd
(Slffienstad et al 1978) 'ThIS loss of macroalgal habitat then reduces the algal
associated mvertebrate populahons and the fIShes that use the vegetated habitat as
nursery These reduchons m tum can mfluence producbVlty and abundance of
pISClVOJOUS seabrrds (Estes and Palmtsano 1974)
Recently, reduchon of tradlhonal marme mammal prey
of killer whales has mduced those apex consumers to
SWitch to eatmg sea otters m the Aleuhans, thereby
extendmg tlus trophlc cascade of strong mterachons to
yet another level (Estes et al 1998, Estes 1999)

Consequently, the shallow subhdal commumty on rocky shores of the GOA IS
strongly mfluenced by predahon and proVISion of blogemc habitat (Estes and
Duggtns 1995) Human dtsruptlon of the apex predators by huntmg them (as
hlStoncallyoccurred on sea otters [Slffienstad et al 1978]) or by reducmg therr prey
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(as may conceIvably be occumng 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 bIOmagnIfIcatIon of organIc contammants such
as PCBs, DDT, DDE, and dImons m the tIssues of apex predators, m partIcular m
transIent ktller whales (Matkm unpubhshed data), causes Imparred reproductIve
success, then human mdustrIal pollutIon has great potentIal to modIfy these coastal
subtIdal commumtIes on rocky shores

~ The shallow subtIdal benthIc commumtIes m soft sedIments of the GOA regIOn
functIon somewhat dIfferently from theIr counterparts on rocky substrata These
commumtIes are Important for nutrIent regeneratIon by mIcrObIal decomposItIon
and for productIon of benthIc mvertebrates that serve as prey for demersal
shnmps, crabs, and fIshes In some protected areas withm bays, however, the
shallow subtIdal benthos IS structured by emergent plants, specIfIcally eelgrass m
the GOA These eelgrass beds perform ecolOgical functIons slffi11ar to those of
macrophyte-dommated rocky shores, namely nursery functIons, phytal habItat
;roles, feedIng grounds, and sources of pnmary productIon Gewett et al 1999) In
the vegetated habItats of the shallow subtIdal zone, the demersal fIsh assemblage IS

typICally more dIverse than and qUIte dIfferent from the demersal fIshes of the
deeper subtIdal zone (Hood and Znnrnerman 1986) In eelgrass (Zostera) beds as
well as m the beds of small kelps and other macrophytes (Agarum, Nereocystzs and
Lanunana) m the GOA, Juvemles of many SpeCIes that hve m deeper waters as
adults use thIs enVIronment as a nUJ'sery for theIr young because of high
productIon of food matenals and protectIon from predators afforded by the
shIeldmg vegetatIon (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 ruche that IS unavailable m the
absence of the vegetatIon Both types of vegetated habItats m the shallow subtIdal
zone of the GOA contam larger predatory mvertebrates, specIfIcally seastars and
crabs I some cases, the same specIes occupy both eelgrass and kelp habItats (Dean
et al 1996b)

MIcrobIal decomposers play an extremely SIgnIfIcant role m both shallow and
deep subtIdal sedImentary habItats of the sea (Braddock et al 1996) Fungi and
especIally bactena become asSOCIated WIth partIculate orgaruc matter and degrade
the orgaruc compounds ThIs decompoSItIon process releases the nutrIents such as
phosphorus and rutrogen m a form that can be reused by plants when the water
mass IS ultImately recycled mto the photIc zone In short, benthIc decomposers of
the subtIdal seafloor playa necessary role m the nutrIent cyc1mg upon which
sustamed productIon of the sea depends In addItIon, these decomposers
themselves represent the foods for many deposit-feedmg mvertebrates of the
subtIdal seafloor Much of the detrItus that reaches the seafloor IS composed of
relatIvely refractIve orgaruc compounds that are not readIly asslffi11ated m the guts
of anImal consumers The growth of mIcrObIal decomposers on thIs detrItus acts to
convert these materIals mto more utIlIzable rutrogen-nch bIOmasS, namely fungi
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and espeClally bactena Bactena also scavenge dIssolved orgaruc matenals and
repackage them mto partIculate bactenal biomass, wluch IS then avallable for use m
consumer food chams

In the subbdal habitats, the benthIc mvertebrates serve as the prey for mobile
eplbenthIc mvertebrates and for demersal fIshes (Hood and Zlffiffierman 1986,
Jewett and Feder 1982) Mobile eplbenthIc mvertebrates are dIsbngulShed from the
benthos Itself by therr greater mobility and therr only partIal assoClabon With the
seafloor The vast maJonty of tlus group IS composed of crustaceans, namely crabs,
shnmps, tanalds, and some larger arnplupods (Armstrong et al 1995, Orensanz et
al 1998) In the GOA, tlus group mcludes Dungeness crabs, kIng crabs, snow crabs,
Tanner crabs, both Crangon and Pandalus shnm~s, such as spot shnmp, coon
stnped shnmp, pmk shnmp, and gray shnmp, and other shellf1sh resources that
had great commerclallffiportance before the c1lmabc phase sluft of the ffild 1970s
(Anderson and Pmtt1999, Mueter and Norcross 1999, Mueter and Norcross 2000)
Chmate and phySical oceanography have the potentIal to exert lffipOrtant
mfluences on recnntlnent and year-class strength of subtIdal fIshery stocks m the
GOA (Zheng and Kruse 2000b), but the mechanISms and processes are poorly
understood Demersal fIshes are those fIshes closely asSOCiated With the seafloor,
mcludmg flounders, hahbut, sole, rockfIshes, Paclflc Ocean perch, and gadnds hke
cod and walleye pollock They feed predommant1.y on the eplbenthIc
mvertebrates-the shnmps, crabs, and arnplupods-but m admtIon prey drrect1.y on
some sessile benthIc mvertebrates as well Juvenile flatflSh feed heavily by
croppmg (partIal predatIon) on exposed Siphons of clams and exposed palps of
polychaetes TIns role of provISIOn of benthIc mvertebrate prey for demersal
crustaceans and fIshes IS an lffiportant ecosystem servIce of the shallow subtIdal
seafloor

The sluft m the late 1970s from crabs and shrlffips to dommance by demersal
fIshes assOCiated With the sluft m c1lmatIc reglme lffiphes a strong role for
envrronmental forcmg of commumty composItIon m tlus shallow subtIdal system,
although mechanISms of change dynamICS are not understood (NRC 1996)
Because of the effects of trawlmg on blOgemc habitat, such as sponges and erect
bryozoans, m subtIdal soft sed1mentS and the potentIal for fIshenes explOItatIon to
modlfy abundances of both targeted stocks and species caught as by-catch (Dayton
et al 1995), fIshery lffipacts to the soft-bottom benthIc commumty are a pOSSible
dnver of commumty change Because the demersal fIshes that are taken by trawl
and other fIshenes represent the prey of threatened and endangered manne
mammals such as Steller sea hons, the pOSSible lffiphcatIons of fIshmg lffipacts to
tlus commumty are lffiportant (NRC 1996)

The benthIc mvertebrate commumty of shallow unvegetated subtIdal
sed1ments has served worldWide as an mmcator system for the bIOlOgical mfluence
of manne pollutIon The mfaunal mvertebrates that compose tlus bottom
commumty are sessile or slow-movmg They are mverse, composed of many phyla
and taxa With diverse responses to the SUIte of potentIal pollutants that depOSit
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upon the sedunentary seafloor Consequently, tlus system 18 an Ideal cholCe to
momtor and test effects of manne pollution (Warwick 1993) The subtldal benthlc
commumty on the sedlffientary seafloor 18 hnuted by food supply Consequently,
commumty abundance and blOmasS reflect the effects of orgamc ennchment ThIS
18 eVident from vanatlon m blOmasS among subhdal benthlc commumhes
geograplucally Wlthm the GOA (Feder and Jewett 1986) Therefore, changes m

f
PrlmarY product1V1ty m the water column above, allocahon of that produchon
between zooplanktomc herbivores and benthlc mvertebrates, and phYSical
transport regtmes combme to cause spahally exphClt mod1flcahon of soft-sedlffient
benthlc commumtles m unvegetated subhdal sedlffients that can serve to momtor
ecosystem status Furthermore, the taxonOffilC composlhon of soft-sedlffient
benthlc commumhes responds dlfferenhally to orgamc loadmg and toXlC polluhon
(Warwick and Oarke 1993, Peterson et al 1996), thereby rendermg tlus system an
excellent chOlce for momtormg to test among alternahve dnvers of ecosystem
change Among common mvertebrate taxa of subhdal sedunentary habitats, the
eclunoderms and crustaceans (espeClallyamplupods) are lughly sensitive to tOXIC
accumulahon of heavy metals, PAHs, and synthehc orgamc compounds Other
taxa such as polychaetes mclude many opportumshc species that bloom With
loadmg With orgamc pollutants, thereby allowmg mferences about causahon of
anthropogemc responses (peterson et al 1996) ThIS capability of subtldal benthlc
commumtles m soft sedlffients may prove useful m teshng among alternative
explanahons for ecosystem change m the GOA

The deeper subtldal habitats on the outer conhnental shelf and the conhnental
slope are not well studied m the GOA system (Bakus 1978, SAl 1980a, SAl 1980b)
There has been some descnphon of the mobile eplbenthlc commumhes and the
demersal &sh commumhes of these deeper benthlc habitats (Feder and Jewett
1986) Most samphng of these deeper benthlc habitats mvolves trawhng and
focuses on the stocks of crabs, shnmps, and demersal &shes that are commercially
explOlted (Rosenberg 1972, Bakus 1978) The conhnental shelf as a whole (shallow
to deep) represents a key &shmg grounds m the GOA and has correspondmgly
lugh value to humans Because commumty structure of benthlc systems can be
mod1fled dramahcally by the phySical damage done by trawls to blOgemc habitat
such as sponges and soft corals (Dayton et al 1995), tlus human achV1ty 18 the
obJect of concern The conhnental slope, on the other hand, does not expenence
great &shmg pressure

373 General Research Questions

How do the substrates, bathymetry, phySical factors, biolOgical forces such as
predation and compehtlon, and human achV1hes act together to defme commumty
structure?

What controls the rates of recrmtment of key plant and anlffial species to the
nearshore benthlc commumhes?

82 VOLUME II, CHAPTER 3



o
GULF ECOSYSTEM MONITORING AND REsEARQi PLAN

• To what degree do recrtlltment processes control commuruty structure and
populabon abundances m mterhdal-subbdal bentluc systems?

• How does predabon lmut the abundance, diversity, and SIZe composlbon
of bentluc manne mvertebrates

What 18 the relabonslup between btologtcal producbon processes and phySical
transport phenomena m the coastal ocean and settlement patterns and mtenslbes of
vanous species m mterhdal-subbdal bentluc commurubes?

How do btologtcal mteracnons, both drrect (such as predabon and mterference
compebbon), and mdrrect (such as tropluc cascades), mfluence the dynamtcs of
commuruty change and successIOnal recovery from dtsturbance m mterbdal
subbdal systems?

How does mterhdal and subbdal habitat change mfluence Species of ftsh,
seabrrds, and manne mammals from tIns and the other systems?

• How do offshore, ACC, and watershed processes mfluence the abundance,
producnon, and dynamtcs of mter-bdal and subbdal specres such as ftshes,
seabrrds, and manne mammals?

• How do mterhdal and subbdal habitats mfluence the abundance,
producbon, and dynamtcs of species such as ftshes, seabrrds, and manne
mammals m the offshore, ACC and watershed habitats?

• What are the relabve contnbubons of carbon ftxed by ffilcroalgae and
macroalgae m the mterhdal and subbdal?

What are the approaches to measunng commuruty structure that allow the
effects of human acbVlbes to be dtsbngul8hed from the effects of natural forces m
the mterhdal and subbdal?

To what degree do human acbvlbes, such as watershed modtftcabons, pop
I(pOp stap.ds for?j releases, orgamc loadmg, and drrect and mdrrect effects of
explOltabon of manne resources, have lffiportant lffipacts on mterhdal-subbdal
bentluc commurubes on rocky shores and m sed1ID.entary habitats?

What 18 the degree to wluch toXlllS mgested by bentluc mvertebrates are
transferred up the food cham m a form that can affect reproducbon, growth, or
SurviVal of vertebrate consumers of those bentluc prey?

What 18 the funcnonal slgruftcance of bIOdiverSity and apparent funcbonal
redundancy of the diverse smte of component species of mterhdaljsubbdal
commurubes?

G
3.8 Forage Species 381 Definlbon

Forage species mclude a broad smte of specres
that are commonly consumed by lugher tropluc
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level specIes (fIsh, seabIrds, and manne mammals) SpecJ.hes mc1uded m the forage
specIes complex vanes among authors and management agenCIes The North
PacJ.hc Flshenes Management COunCll (NPFMC) ground&sh fIshenes management
plan defInes the forage specres complex as a group of specIes that mc1udes the
followmg (NMFS 2001)

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

• PacJ.hc sand lance (Arnmodytes hexapterus),

• Lantern fIshes (family Myctoprudae),

• Deep-sea smelts (family BathylagIdae),

• PacJ.fJ.c sand&sh (TnchOdon tnchodon),

• Euphausnds (Thysanopoda, EuphaUSIa, Thysanoesssa, and Stylochezron),

• Gunnels (family Phohdae),

• Pnck1ebacks (family StIchaeIdae),

• Bnstlemouths, hghtflshes, and anglemouths

Sprmger and Speckman (1997) extend th1s dehmtIon to mc1ude Juvenile stages
of commerCIally explOIted specIes such as PacJ.hc herrmg (Gupea pallasz), walleye
pollock (Theragra chalcogramma), and PacJ.hc salmon (Oncorhynchus sp) For the
purposes of th1s background reVIew, the GEM program focuses on a subset of
specres that are commonly found m coastal or oceamc regions of the GEM study
regIOn In the shelf envIronment, th1s subset mc1udes euphausnds, capelm,
eulachon, sand lance, JUvenile pollock, Juvenile herrmg and JUvenile pInk salmon
(Oncorhynchus gorbuscha) In the offshore envIronment, th1s subset mc1udes
common myctopruds, such as small-fInned lantern fIshes (Stenobrachzus leucopsarus
and Dzaphus theta), and bathylagIds, such as the northern smoothtounge
(Leuroglossus schmzdtz) ThIs parbtIonmg allows GEM to rughhght several key
research questions that could be the focus of future GEM programs

A more complete descnptIon of the hfe hIstory charactenstIcs of the forage
specIes Idenbfled by the GEM program can be found m Hart (1973, NMFS 2001)
Table 3 1 summanzes key features of the hfe hIstory charactenstIcs

3 8 2 Resource ExplOitation In the GEM Region

Small amounts of non-eomntercial forage speCIes are taken as bycatch m federal
and state fIshenes m the GOA (NPFMC 2000, NMFS 2001) In an attempt to
dIscourage the development of target fIshenes for forage specres, the NPFMC
restrIcts the catch of forage specIes to no more than 2% of the total landed catch of
commerCIal fIshenes m federal waters (NMFS 2001) Although the bycatch of non
commerCIal forage SpeCIes tends to be low relative to target fIshenes for
commercla11y exploIted specres, the percentage of the bycatch relative to regional
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U
~\ abundances of mdIvldual forage specIes 18 often not known because of the

dIfftculty mvolved m assessmg these specIes

Pactftc salmon ftshenes off the coast of Alaska are managed by a complex
system of treatIes, regulatIons, and mternatIonal agreements State and federal
agenCIes cooperate m managmg salmon resources The State of Alaska regulates
commercIal ftshenes for salmon WIthIn state waters where the rnaJonty of the catch
occurs Federal agencIes control the bycatch ofJuverule salmon m groundftsh
ftshenes through prohtblted-specles bycatch restnctIons (NMFS 2001) In the GEM
study regton, pmk salmon are pnmanly harvested by purse semes Most of the
pmk salmon taken m PWS are of hatchery ongm

State and federal agenCIes also cooperate m managmg Pactftc herrmg ftshenes
Most of the dtrected herrmg removals occur WIthIn state waters and are regulated
by ADF&G In federal waters, the removals of Pactftc herrmg m groundftsh
ftshenes are regulated through prohtblted-specIes bycatch restnctIons (NMFS 2001)

State and federal agenCIes regulate commercIal removals of walleye Pollock
The rnaJonty of the catch occurs m federal waters, however, small state fishenes
have started m PWS In federal waters, the catch 18 regulated by federal agencIes
based on recommended harvest regulatIons provIded by the NPFMC The catch of
JUverule pollock 18 assessed WIthIn the stock assessment and ftshenes evaluatIon
(SAFE) reports Juverule pollock catch 18 mcluded m consIderatIons regardmg
annual quotas for thIS specIes The lack of a market for Juverule pollock less than 30
cenbmeters (em) m length serves as an mcentIve to mdustry to nurunuze the
bycatch of Juverule pollock Efforts to nurunuze bycatch of Juverule pollock m
pollock target ftshenes mclude the voluntary adoptIon of alternatIve mesh
conftguratIons deSIgned to reduce the retentIon of small pollock (Enckson et al
1999)

3 8 3 Assessment Methods and Challenges

There are several tmpedtments to the development of forage specIes
assessments The dIverSIty of ltfe hIStory characterIStIcs confound efforts to
develop a multIpurpose survey to assess forage specIes as a smgle complex In
addItIon, several forage specIes are small and pelagtc, makmg them less vulnerable
to the standard trawl gear used m broad-scale surveys to assess stocks conducted
by ADF&G or NMFS A htgh pnonty should be placed on research deSIgned to
overcome these tmpedtments

G

Several authors have reported on possIble trends m forage specIes abundance
m the shelf and offshore envrronment (Hay et al 1997, Anderson and Platt 1999,
Blackburn and Anderson 1997, BeamISh et al 1999a) These papers rely on
anecdotal InformatIon from surveys that were deSIgned to assess the abundance of
another specIes (such as shnmp, salmon, crab, or groundftsh) IndIces of
abundance based on these data may be subject to error because of problems WIth
the selectIVIty of the gear or the ltmtted spabal or temporal scope of the surveys
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An assessment desIgned for forage specIes IS needed to develop an accurate
evaluahon of the dlStnbuhon and abundance of thIS Important group of speCIes It

\..-

IS unlIkely that a smgle survey would be adequate for all forage specres, therefore,
a vanety of survey methods should be consIdered Potenhal survey methods for
forage specIes are Ident:J.f1ed ill Table 3 2
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Table 31 Summary of Key Life History Characteristics of Selected Forage Species

PacifiC sand Northern
Capelln Eulachon lance Walleye Pollock Pmksalmon lanternflsh

Euphausllds Mallotus Thalelchthyes Ammodytes Theragra Pacific herrmg Oncorhynchus Stenobrachlus
Characteristics 11 species villasus paclflcus hexapterus chalcogramma C/upea 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 spawnmg spring spring spring winter winter-spring winter-spring summer unknown-
winter?

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

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

Foragmg habitat pelagic- pelagic- pelagic- demersal- mesopelaglc- pelagic shelf pelagic shelf and mesopelaglc-
mid water over mid-water over mid-water over 0-100 m demersal and open ocean outer shelf and
shelf shelf shelf over shelf open ocean
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Table 3 2 Potential Surveys for Assessment of Selected Forage Specieso Type

Small mesh mid-water surveys

High-speed near-surface trawls

Acoustic mid-water trawl surveys

Small-mesh beach semes

Aerial spawnmg surveys

Light detection and rangmg (L1DAR)

MOnitoring diets of key bird predators

Candidate Species

Euphausllds capelln eulachon Juvenile
pollock (age aand age 1) Juvenile
hernng small finned lanternfishes
northern smoothtongue

Juvenile salmon

Capelm eulachon Juvenile pollock
Juvenile hernng euphausllds

Sand lance

PaCIfic hernng and capelln

Useful for Species wlthm the upper 50 m

Juvenile pollock capelln and sand lance

o

I
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3.8.4 Hypotheses About Factors InfluenCing Food Production
for Forage Fish Production

Several hypotheses (summanzed below) have been advanced to explam trends
m 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, mcludmg PWS DetaIled process-orIented research has been conducted
to confrrm hypotheses for a small number of forage specres, and these studIes were
often conducted m a hnuted geograpluc area represenbng only a fracbon of the
range of the speCIes

1 FeedIng opporturubes for early feedmg larvae Slufts m large-scale
atmospherIC forcmg controls the structure of marme fIsh commumbes m
the western central GOA ecosystem through Its role m determmmg the
bmmg of peak producbon Specres that spawn m the wmter and early
spnng will be favored by penods of early peak producbon, wlule specIes
that spawn m the late spnng and summer will be favored by penods of
delayed producbon (Mackas et al 1998, Anderson and Platt 1999)

2 Concentrabon of prey for early feedIng larvae Ocean condIbons that favor
concentrabon of forage fIsh and theIr prey will enhance producbon of
forage specres The Foa program IdenbfIed a potenbal mechamsm lmkmg
mcreased preclpltabon to enhanced eddy formabon and reduced larval
mortalIty EddIes are belIeved 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 thIS mechanISm may be Important for other forage fIshes Wlthm
the western and central GOA

3 Prey dISpersal for early feedmg larvae An mverse or dome-shaped
relabonslup eXISts between the amount of wmd ffilXffig and forage fISh
producbon Bailey and MacklIn (1995b) compared hatch date dIStnbubons
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of larval pollock WIth daIly wmd nuxmg TIus analySIS showed that frrst
feedmg larvae exlubited hIgher SUrvIVal durmg penods of low wmd
nuxmg Megrey et al (1996) speculated that extremes m wmd nuxmg
would result m reduced pollock SUrvIVal because low-wmd nuxmg would
reduce the avaIlability of nutnents m the mIXed layer and hIgh-wmd
nuxmg would lead to reduced encounters between pollock and theIr prey

4 CompetIbon for prey At fmer spabal scales, prey resources for forage fISh
may be hmIted, leadmg to resource parbbonmg to mmnruze compebbon
between forage fISh specres that occupy slffillar habItats Willette et al
(1997) exammed the dIets of Juvemle walleye pollock, PacrfIc herrmg, pmk
salmon, and chum salmon m PWS TheIr study revealed that two specIes
parrs (walleye pollock and PacIfIc herrmg, and pmk and chum salmon)
exlubited a hIgh degree of dIetary overlap TIus fmdmg suggests that m
PWS, competIbon for food resources may occur Withm these parrs when
food abundance IS hmIted Purcell and Sturdevant (2001) found eVIdence
of potenbal compebbon between zooplanbvorous JellyfISh and Juvem1e
fIShes m PWS Therr study showed hIgh dIet overlaps m the dIets of pelagic
coelenterates and forage speCIes and that these specIes co-occur spabally
and temporally m PWS

5 Prey ubhzabon Overwmtermg mortalIty of forage specIes IS dependent on
the amount of energy accumulated durmg the summer FIeld and
laboratory expenments suggest that the overwmtermg success of both
age-O PacIfIc herrmg and age-O walleye pollock may be dependent on the
amount of energy accumulated durmg summer (Foy and Paul 1999, Sogard
and Olla m press) However, the early lIfe hIStory strategy of walleye
pollock may make them less suscepbble to starvabon durmg the wmter
penod Paul and Paul (1999) compared the growh strategies of larval and
age-O walleye pollock and PacIfIc herrmg TIus comparISon revealed that
walleye pollock metamorphose early, allowmg for an extended growth
penod, whIle PacIfIc herrmg metamorphose later and accumulate energy
for overwmtermg RapId growth proVIdes mcreased SWImmIng speed
leadmg to more successful prey capture and predator aVOIdance The
benefIts of the pollock strategy may allow them to conbnue to grow
through the wmter (paul et al 1998)

3.8.4.1 Food Quality
Efforts to Improve understandmg of the mechanISms underlymg the

producbon of forage specIes would benefIt from an Improved understandmg of the
prmClpal prey utIlIZed by forage specIes Although detaIled mformabon eXISts for
commercIal specIes such as Juvem1e pollock, salmon, and herrmg (Cranelli and
Brodeur 1997, Willette et al 1997), only hmIted mformabon IS avaIlable to descnbe
the prey preferences of many members of the forage fISh complex In parbcular,
mformabon IS lackmg m the case of offshore specIes
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3 8 5 Hypotheses About Predation on Forage Fish

By defuunon, forage species represent an nnportant prey resource for many
lugher-tropluc-Ievel consumers (fIsh, seabrrds, and manne mammals) Top-down
predanon pressure on forage fIsh depends on several factors, mc1udmg predator
abundance, the abundance of alternanve prey, the density of prey, and the
patchmess of prey Changes m these factors will mfluence the re1anve nnportance
of top tropluc-Ievel forcmg on forage fIsh producnon

EVidence suggests that m some years, fIsh predanon may exlublt a measurable
effect on forage species producnon m the GEM region Anderson and Piatt (1999)
noted that the post regIme sluft mcrease m gadOld and pleuroneend fIshes
comClded With marked dec1mes m capelm and shrnnp populanons They
proposed that thIs mverse re1anonslup could be caused by mcreased predanon
mortalIty due to an mcrease m plclvorous (fIsh-eahng) species COnsIStent With
thIs hypothesIS, BaIley (2000) performed a retrospeenve analysIS of factors
mfluencrngJUverule pollock Survival He prOVided eVidence that durmg the 1980s,
pollock populanons were largely mfluenced by enVIronmental condlnons, and after
the ffild-1980s, JUveru1e mortalIty was lugher, resulhng from the bwldup of large
fIsh predator populanons In PWS, Cooney (1993) speculated that pollock
predanon could explam some of the observed trends m Juveru1e salmon SUrviVal
He suggested that years of lugh copepod abundance were assoCIated With lugh
Juveru1e salmon Survival, because pollock rehed on an altemanve prey resource In
the open ocean, BeamISh et al (1999a) proposed that mesopelagIc fIshes transfer
and redIStrIbute energy through two prnnary tropluc pathways (1) abundant
zooplankton to S leucopsarsus and then sqUId, and (2) S leucopsarsus, D theta, and
L schmldh to walleye pollock, salmon, dolphm, and whales The dIVISion of energy
through these pathways IS thought to mfluence the amount of energy reachIng the
seafloor

The nnportance of forage fIsh m seabrrd and manne mamInal diets has been
demonstrated by a number of authors (Hatch and Sanger 1992, Sprmger et al 1996,
Kuletz et al 1997, Ostrand et al 1998) There IS httle eVidence that seabrrd
predanon IS suffICIent to regulate the producnon of forage fIshes m the GEM
region, however jNo~ to author Recent anecdotal eVidence ~bllShed m Natur~

'(Thomas and Thome) crrqunstanniilly hnks Er~anonby sea hons and seabIrds~
~ontrolof herrmKP~lanonsm PWS Growth m hum£back whale EQR!!!ano11!l
~y not be mco~uennalWith res~t to control of small herrmg RQR!!lanons!
~ does not change the sonc1uslOn of thIs Rar~~aph,but~rha~should bEl
hlennoped! Therefore, key research elements for predanon of forage species by
marme mammals and seabrrds should focus on the role of oceanograpluc features
m concentrahng forage species Wlthm the foragmg range of seabIrds and marme
mammals

Wlule only a few studIes have exammed the nnportance of gradIents (fronts) or
water mass characteflSncs m aggregahng forage speCIes for top predators m the
GEM region, the nnportance of these features IS well known m other regions In

VOLUME II, CHAPTER 3



u

GULF ECOSYSTEM MONITORING AND REsEARQi PLAN

the Atlanbc, aggregabons of capelm appear to be assocrated with strong thermal
fronts (Marchland et al 1999) LIkeWISe, chmate trnpacts on the dtstrtbubon and
producbVIty of Antarcbc knll (Euphausza seperba) have been shown to produce
trnportant trnpacts on hIgher trophIc level consumers (Reid and Croxall 2001, Loeb
1997) Hay et al (1997) foupd that, m warm years, eulachon off the coast of Bnbsh
Columbia were more abundant m the offshore envrronment, whIle m cool years,
eulachon were more common m the nearshore envrronment COnsIStent With the
hypothesIS of Hay et al, Carscadden and Nakashtma (1997) noted a marked dec1me
m offshore capelm abundance dunng a cool penod m 1990s m the Atlanbc

3 8.6 Hypotheses Concerning Contamination

Because of the broad dlStrtbubon and abundance of contammants, there IS ltttle
eVIdence to suggest that contammants regulate the producbon of forage species m
Alaska waters If forage specres exhIbit subpopulabon genebc structure,
contammants could be mfluenbal m the local mortaltty rate of forage fISh
subpopulabons The small SIZe, short ltfe span, and trnportance as a prey Item for
hIgher trophIc level foragers make forage spectes Ideal mdlcators of regIOnal
contammant levels (Yeardley 2000) For example, Roger et al (1990) noted that the
hIgh ltpld content of eulachons suggests that they may be potenbal mtegrators of
low-level contammants If forage spectes are to be used as a regIOnal mdlcator pf
ecosystem condtbons, research IS needed to determme whether forage spectes
bloaccumulate tOXiC chemIcals Studtes are needed to determme whether observed
accumulabons of toXiC chemICals are suffiCient to change mortaltty rage of forage
specres If forage spectes accumulate lethal levels of toXiC chemICals at the regional
level, genebc studtes are needed to determme whether these populabons represent
genebcally umque subpopulabon segments

3.87 General Research Questions

How can trends m abundance of forage species be explamed?

• What IS the role of large-scale abnosphenc forang m controllmg the
structure of marme fISh commumbes m the western central GOA
ecosystem?

• Are species that spawn m the wmter favored by penods of early peak
pnmary producbon, and spectes that spawn m the sprmg and summer
favored by penods of delayed producbon?

Do ocean condtbons that favor concentrabon of forage fISh and therr prey
enhance producbon of forage specres?

• Do eddies favor enhanced producbon and recrutbnent of forage Species?

Is the amount of wmd mtXlng mversely or drrectly (for example, RothschIld
Osborn) proporbonal to forage fISh producbon?
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Does mterspeafic compebbon at small spatIal scales hnut producbon of forage
fish species that occupy smular habitats?

Does predabon hnut the abundance of forage species populabons?

Does the aggregabon of forage specres by gradients (fronts) or water mass
charactensbcs allow top predators to control forage species abundance m the ACC
and offshore?

What 18 the role of food quality as shown by prey preference selecbon m
controllmg forage species abundance?

What 18 the role of accumulabons of toXic cheffilcals m forage species m
mfluencmg reproducbon, growth, and death of forage species?

3.9 seabirds 3 9 1 Overview

(

"'---./
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The GOA supports huge numbers of reSident
seabuds 26 species nest around the penphery of

the GOA, With an esbmated total on the order of 8 millton buds (Table 3 3) ~
to authOJ; Are sea ducks not consldet;ed seabrrds? Seaducks should be mclvde~
~omew;here,smce they are lmPQrtant members of, shallow manne commumbes!
Most specres are colomal and aggregate dunng summer at about 800 colomes A
vanety of habitats are used for nesbng, such as clIff faces, boulder and talus fIelds,
creVices, and burrows m soft SOll Two species, Kttthtz's and marbled murrelets,
are not colomal and nest m very atypical habitats Kttthtz's murrelets nest on scree
fIelds m htgh alpme regions often many lolometers from the coast, and marbled
murrelets nest mamly m mature trees m old-growth cornier forests, also often
dIStant from the coast
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-'-~ Table 3 3 Nestmg Seabirds m the Gulf of Alaska

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

Northern fulmar Fulmams glacialIS 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 pemcillatus 0086 02 Cliff CD

PelagIc cormorant Phalacrocorax pelaglcus 21 40 Cliff CD

Red-faced cormorant Phalacrocorax unle 20 38 Cliff CD

Unidentified cormorant Phalacrocorax spp 15 29 Cliff CD

Mew gull Lams canus 15 11 Ground SF

Hernng gull Lams argentatus 1 1 Ground SF S

Glaucous-winged gull Lams glauscescens 185 241 Ground SF S

Black-legged kittiwake Rlssa tndactyla 675 270 Cliff SF

ArctIC tern Sterna paradlsaea 89 12 Ground SF

Aleutian tern Sterna aleutlca 94 12 Ground SF

UnidentIfied tern Stemaspp 17 022 Ground SF

Common murre Una aalge 589 589 Cliff DD

ThIck-billed murre Una lomVla 55 55 Cliff DD

Unidentified murre5 Unaspp 1197 1197 Cliff DD
~, Pigeon gUillemot Cepphus columba 24 13 CreVIce CDI \

\J Marbled murrelet Brachyramphus marmoratu8 200 48 Tree CD

KJttlltz's murrelet Brachyramphus breVirostns + + Scree CD

AnCIent murrelet Synthllboramphus antlquum 164 38 Burrow CD

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

Parakeet auklet Cerorhmca monocerata 58 17 CreVIce DD

Least auklet Aethla pusilla 002 00018 Talus DD

Crested auklet Aethla cnstatella 46 14 Talus DD

RhinOceros auklet Cyclorrhynchus psdtacula 170 90 Burrow DD

Tufted puffin Lunda clrrhata 1093 874 Burrow DD

Horned puffin Fratercula comlculata 773 425 Crevice DD

Total 7,826 4,423

1From U S Fish and Wildlife Servtce {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}
5Essentlally all common murres

o
VOLUME II, CHAPTER 3 93



GULF ECOSYSTEM MONITORING AND REsEAROi PLAN

Predanon by terrestnal mammals and rapaaous brrds undoubtedly 18
responsible for the nesnng habitats and habits adopted by seabrrds OIff-nesnng
speaes are free to nest on mamland SiteS, because mammals cannot reach them and
they are large enough to defend themselves and therr nests agatnst most aVian
predators Ground-nesnng speaes do not have thts opnon and must nest only on
18lands free from predatory mammals AddInonally, some ground-nesnng species
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
18lands m the Aleunans and GOA between the late 1700s and early 1900s and
severely reduced the abundances of many species of ground-nesnng seabrrds, such
as storm-petrels, auklets, murrelets, and puffms (BaIley and KaIser 1993, Boersma
and Groom 1993, Sprmger et al 1993) Today, even though foxes no longer eXISt on
most 18lands, numbers of these speaes of ground-nesnng seabrrds sb.11 hkely reflect
the effects of mtroduced mammals Moreover, predators that occur naturally
occasIOnally have large, local effects on nesnng seabrrds m the GOA (Oakley and
Ku1etz 1996, SeIser 2000)

The dtstnbunon and abundance of nesnng seabrrds m the GOA 18 therefore
governed pnmarIly by the avaIlability of SUItable, safe nesnng habitats, as well as
by the avaIlability of prey For example, chff-nesnng speaes, such as murres and
kItb.wakes, requrre clIffs facmg the sea Therefore, regardless of the bIOmass of
potennal forage speaes m the eastern GOA, there are no murres or kItb.wakes m
much of the region because of the lack of sea clIffs Where SUItable nesnng habitat
does eXISt, seabrrds nearly always occupy It, and fluctuanons m therr producnvlty
and abundance through b.me are thought to be determmed for the most part by
fluctuanons m prey popu1anons

Species that nest on clIff faces, such as murres and kItb.wakes, are the most
well-studied because of therr VISibility Compleb.ng censuses of chff-nesnng
seabrrds 18 comparanvely easy, as 18 measurmg several components of therr
breedmg bIOlogy, mc1udmg the study of recurrmg natural phenomena such as
IDlgranon (phenology) and reproducnve success Consequently, precl8e esb.mates
of abundance and prodUcb.V1ty, and trends m these vanables through b.me, are
avaIlable for murres and kItb.wakes at many colomes m the GOA In addlnon to
therr VISibility, murres and kItb.wakes are extremely numerous and Wldely
dtstnbuted, and more 18 known about them than about any other species

In contrast, seabrrds that nest underground are dIffi.cu1t to study A further
comphcanon 18 that some of these are nocturnal as well DeSpite huge numbers
and broad dtstnbunons of some dIurnal species, such as puffIns, and nocturnal
Species, such as storm-petrels, much less 18 known about popu1anon SIZeS and
producnvlty or trends m these parameters through b.me and space They do have
sclenb.&c value, however, because other characterlSncs of therr bIOlogy offer
valuable opporturunes for obtammg mformanon on the dl8tnbunon and dynamICS
of prey popu1anons lIDportant to a vanety of seabrrds and marme mammals
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Most seabIrds m the GOA are pnmanly plSClVOroUS (fIsh eatmg) dunng the
nestmg season The pnnclpal exceptions mc1ude northern fulmars, storm-petrels,
and thIck-billed murres, wmch consume large amounts of sqUId, auklets, wmch
speCialIze on zooplankton, and gulls, terns, and gmllemots, wmch 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 lffipOrtant species of fIshes are
sand lance, capelm, and pollock At certam colorues, at certam tImes, m certam
years, or any combmatIon of these conditions, the myctopmds, PacIfIc cod, saffron
cod, herrmg, sablefIsh, pncklebacks, prowfIsh, and salmon are also lffiportant to
some speaes (Hatch 1984, Barrd 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 3 3) Surface-feeders, as theIr name lffiphes, 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 ffild-water and deep dIvers are capable of
explO1tmg prey at depths of up to nearly 200 m and of foragmg over large areas
(Schneider and Hunt 1982, Platt and Nettlesmp 1985) Most mdlvlduals of most
speaes forage over the contmental shelf dunng summer ThIS IS due pnmanly to
the location of nestmg areas, wmch are along the mamland coast and on nearshore
ISlands, and the dIStrIbution of forage speaes, wmch m aggregate are more diverse
and abundant on the shelf than off the shelf Exceptions to tills generalIzation are
the fulmars and storm-petrels, wmch have anatoffilcal, 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 wmch can effiCIently
explOit prey off the shelf when those prey are Wlthm
foragmg range from theIr nestmg locations (Hunt et al
1981, Spnnger et al 1996, Hatch unpubhshed data)

Therefore, as a group, seabIrds sample forage populations broadly m three
dImensIOns These characterIStics, plus VarIations m dIet between specIes and the
sensitiVIty of VarIOUS 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 ecosystems (Carrns 1987,
AeblScher et al 1990, Furness and Nettlesmp 1991, Spnnger 1991, Hatch and
Sanger 1992, Montevecch1 and Myers 1996, Platt and Anderson 1996, Spnnger et al
1996)

SeabIrd populations m the North PacrfIc from Cahforrua to Arctic Alaska are
very dynamIC, waxmg and warung m response to changes m prey abundance,

/
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predators, entanglement m ftslung gear, and oil spills (Anderson et al 1980, Amley
and Broekelheld 1990, Pame et al 1990, Murphy et al 1991, Hatch 1993, Hatch et al
1993, Amley et al 1994, Byrd et al 1998, DIVOky 1998) OIl spilled from the Exxon

Valdez killed an estImated 250,000 seabIrds m 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 m 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 m the GOA durmg the past 2 to 3 decades begmmng 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
contnbuted to the declme, mcludmg loons, cormorants (-95%), mergansers,
Bonaparte's gulls, glaucous-wmged gulls (-69%), black-legged kIttIwakes (-57%),
arctIc terns, pIgeon guillemots (-75%), marbled and Kttthtz's murrelets (-68%),
parakeet auklets, tufted puffins, and homed puffms (-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 m
the GOA m summer tend to support thIS pattern Platt and Anderson (1996)
revIewed the abundance hlStones of 16 colomes and concluded that many were m
declme before the EVOS Therefore, It proved dtfftcult to estImate the effect oil had
on murre popuIanons

It IS generally thought that alteranons m forage ftsh abundance and commumty
structure brought on by enVIronmental change not asSOCIated WIth the oil spill,
such as c1lmate change, have been pnmarIly responsIble for fallmg seabIrd
populanons (Oakley and KuIetz 1996, Platt and Anderson 1996, Hayes and KuIetz
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 KuIetz 1996) The declme m
abundance was accompamed by a declme m the occurrence of sand lance m 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 nutnnonally supenor (Anthony and Roby 1997,
Van Pelt et al 1997) In Kachemak Bay, sand lance was partIcularly abundant m
dIets of guillemots nesbng m hIgh-densIty colomes m the late-I990s, and chtcks fed
predommantly sand lance grew faster than chtcks fed lower-qualIty prey (pnchard
1997) LIkeWISe, reducnons m energy-dense capelm m the GOA and m dIets of
several specres of seabIrd m the 1980s compared to the 1970s also have been Imked
to populanon declmes (platt and Anderson 1996, Anderson and Platt 1999)

AddInonal eVIdence of poSSIble chmate-medlated populanon declme IS the
frequency and magmtude of large seabIrd dIe-offs m the past 2 decades Some of
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these mvolved huge numbers of surface-feedmg species m summer, particularly
kttbwakes and shearwaters m the GOA and especially the Bermg Sea, dunng years
of strong El Nlfto events, notably 1983 and 1997 (Nysewander and Trapp 1984,
Mendenha111997) Others mvolved pnncrpally 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 s1ffi11ar fate (platt and van Pelt 1993, Platt unpubhshed
data) Such acute mortaltty, when added to the normal, or perhaps elevated,
attnnon suffered by Juverule buds m recent years, could have slgmhcant
repercussIOns on populanon sIZe As Platt and Anderson (platt and Anderson
1996) note, there was only 1 reported dte-off of seabuds m the general regIOn before
1983, and that was m the Benng Sea m 1970 (Bailey and Davenport 1972)

There 18 no eVidence that seabuds m the GOA have been duectly affected by
commercial ftshenes Most of the prey of seabuds are not targeted, for example,
sand lance and capelm Adults of some prey species are fIShed, such as pollock,
Pactftc cod, and herrmg, but most seabuds can feed only on the small age-O and
age-l fISh of these large types and therefore do not compete With commercial
ftshenes for biomass Induect effects of commercial flShmg are poSSible If stock
SIZeS are affected by flShmg and If stock SIZe mfluences the abundance of young age
classes of those species or the abundance of other forage species

392 Case Studies

A lot of mformanon has been collected on seabuds 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 mtegranon of all results mto a
composite picture of seabud ecology 18 not currently
possible Nevertheless, good mformanon 18 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 seabuds and theu
senslnvlty to change m the envuonment Promment
species are the black-legged kttbwake and common
murre They are among the most abundant and Widely d18tnbuted seabuds,
nestlng at hundreds of colomes from Southeastern Alaska to Ummak Pass These
attnbutes and theu ease of study have made them the best known of all species m
the GOA Informanon on trends m abundance, product1vlty, and diets of
kttbwakes and murres at severallocanons spans penods of 1 to more than 4
decades Informanon on other species, notably fulmars and pufftns, at some
colomes provides addlnonal context

3.9.2.1 Middleton Island
The longest tlme senes of rehable abundance estlmates for seabuds m the GOA

comes from Middleton Island, where the frrst count was made m 1956 (Rausch
1958) Between 1956 and 1974, the number of kttbwakes mcreased by an order of
magrutude, from about 14,000 to 144,000 buds (Baud and Gould 1986) That
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mcrease 15 thOUght to have been made possIble by the 1964 earthquake, wluch
uplIfted large sectIons of MIddleton Island and created extensIve new nestmg
habItat Numbers of kIttIwakes remamed lugh there throughout the 1970s, but
began to declme steadily m the early 1980s from a peak of about 166,000 bIrds to
about 16,000 today (Hatch et al 1993, Hatch unpubllShed data)

The declme m abundance has been accompamed by generally low prodUCtIVIty
smce the early 1980s, averagmg Just 006 clucks per parr between 1983 and 1999
(Table 3 4) Supplemental feedmg of kIttIwakes m recent years altered a vanety of
adult breedmg parameters sensItIve to food supply and mcreased SurVIval of
clucks, strongly supportmg the notIon that food lImItatIon has been the cause of
poor prodUCtIVIty and populatIon dec1me (Gill 1999, Gill and Hatch unpubllShed
data)

The longest tIme senes of abundance data for murres also comes from
MIddleton Island As WIth kIttIwakes, the murre populatIon mcreased by about an
order of magmtude followmg the 1964 earthquake, numbenng 6,000 to 7,000
mmvIduals by the lllid-1970s Also lIke kIttIwakes, murre abundance at MIddleton
Island was m declme by the end of the decade, fallmg to about4,000 mmvIduals by
1985 The populatIon abruptly mcreased the followmg year to nearly 8,000 bIrds,
where It remamed through 1988, rapIdly declmed agam to about 2000 by 1992, and
has been more or less stable smce (Hatch unpubl15hed data) The cause of the
declme 15 thought to have been dnven m part by the growth of vegetatIon that
hampers access of clucks to the sea once they leave the nest (Hatch unpubllShed
data), but the sharp mcreases and decreases dunng the course of the overall declme
argues for other controllmg factors

Glaucous-wmged gulls also probably nested m comparatIvely small numbers
on MIddleton Island before 1964, although no counts were made m the early years
By 1973 there were fewer than 1,000 mdIvIduals and fewer than 2,000 a decade
later However, m contrast to fmdmgs for murres and kIttIwakes, the populatIon
ballooned to more than 12,000 bIrds between 1984 and 1993, and now totals about
11,000 (Hatch unpubllShed data) PredatIon by gulls on kIttIwake and murre eggs
and clucks may have contnbuted to the declmes of those specIes (2001)

The abundance of rlunoceros auklets on MIddleton Island more than doubled
from about 1,800 to 4,100 burrows between 1978 and 1998 (Hatch unpubllShed
data) Although there are no hard data, It seems lIkely that few or no rlunoceros
auklets nested there before the earthquake because of a lack of habItat (Hatch
unpubllShed data) Therefore, the mcrease m rlunoceros auklet abundance lllight
be Just the result of an mcrease m the extent of nestmg habItat as vegetatIon
covered uplIfted SOlls At St Lazana Island m Southeast Alaska, however,
rlunoceros auklet numbers nearly doubled dunng the 1990s (Byrd et al 1999),
mmcatmg that other factors are pOSSIbly mvolved
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Table 3.4 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

Guilisland1 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 1 ?

1From J. Piatt (unpublished data)

2From D. Irons (unpublished data)

3From USFWS (unpublished data)

4From S. Hatch (unpublished data)

Table 3.4 needs to be explained fully by the author the first time it is cited in Section 3.9.2.1.
Also the three groups in the table should be labeled 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 3.9.2.1 the first time the Table is cited. Alternatively, the table and its
contents could be fully explained in the caption and table notes.

A lack of adequate data precludes firm conclusions about trends in abundance
of tufted puffins, but it is thought that they are increasing in abundance on
Middleton Island as well (Hatch unpublished data).

Pelagic cormorants are known to move between nesting areas within colonies
between years; therefore, census data are not necessarily as accurate for them as for
other cliff-nesting species of seabirds. The data show that numbers of nesting pairs
were comparatively stable at about 2,000 to 2,800 between the mid-1970s and mid
1980s. The number of pairs was extremely volatile from 1985 to 1993, however,
rising and falling by as much as 700% between consecutive years. In 1993, pelagic
cormorants numbered about 800 pairs, and have increased steadily since then to
about 1,600 pairs (Hatch unpublished data).

Seabirds at Middleton Island feed on a variety of forage species common
throughout the GOA (Hatch 1984, Hatch and Gill unpublished data). Early in the
nesting season kittiwakes typically prey on extremely energy-dense myctophids,
which are generally restricted in their distribution to deep-water regions off
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contInental shelves (WillIS et al 1988, Sobolevsky et al 1996) Later they sWItch to
other, hkely more accessible, prey and feed chIcks pnmanly on sand lance,
although capelm and sablefIsh are also lffiportant m some years (Hatch and Gill
unpublIShed data)

Rlunoceros auklets feed on numerous specres of fIshes, but seem to be sand
lance specralISts (Hatch 1984, Vermeer and Westrhelffi 1984, Vermeer et al 1987)
At MIddleton Island, sand lance contnbuted on average 62% of the biOmass fed to
chIcks m 11 years between 1978 and 2000 (Hatch unpublIShed data) In years of
apparent low abundance durmg the frrst half of the 1990s, pmk salmon, capelm,
greenlmgs, and sablefIsh replaced sand lance

Tufted puffms at MIddleton Island feed therr chIcks 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 puffms apparently SWitch to other prey sooner
than rlunoceros auklets when sand lance IS scarce Alternabve prey of tufted
puffms COnsISts mamly of pollock and prowfIsh, With somewhat lesser amounts of
sablefIsh (Hatch unpublIShed data)

3.9.2.2 Prince William Sound
Twenty-three kltbwake colomes m PWS were frrst counted m 1972, but were

not counted agam unb11984 These and an adillbonal SlX colomes have been
vISited nearly each year smce (Irons 1996, Irons unpublIShed data) Durmg thIS
bme, long-term mcreases and decreases have been noted at various colomes, but no
obVIOUS geographIc pattern to the changes was found Instead, four colomes have
grown to large SIZe, and numerous smaller colomes have declmed, With some
dISappearmg completely Note to author Are any of these colomes represented b~

)he four colomes m Table 3 4~ Several other colomes frrst mcreased, then decreased,
and two have not changed appreciably At least some of these changes hkely
resulted from movements of adults between SiteS (Irons unpublIShed data) For
example, as the Icy Bay colony dechned from about 2,400 brrds m 1972 to fewer
than 100 by 2000, the nearby North Icy Bay colony grew from about 500 brrds m
1972 to about 2,000 by the late 1990s Overall, the total abundance of kltbwakes m
PWS has remamed stable, or perhaps mcreased shghtly, despite substanbal
mterannual vanability, for example, decreasmg by 45% between 1991 and 1993 and
mcreasmg by 35% between 1999 and 2000

Overall prodUruVlty hkewlse has been hIghly vanable between years, but
generally has been much greater than at MIddleton Island, averagmg 0 13 chIcks
per parr smce 1984 (Table 3 4) Note to author There are four values m Table 3 4
@d they do not average 0 13! Average produrnvlty d1ffered considerably between
colomes With d1fferent populabon traJectones, however (Table 3 4) The average
producbvlty of four colomes With mcreasmg populabons was twice that of two
stable colomes and fIve colomes that expenenced rnatclung mcreases and
decreases, whlle producbvlty at those was nearly four bmes as great as that at
11 dechmng colomes
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3.9.2.3 Lower Cook Inlet
KIttIwakes at ClusIk Island m Lower Cook Inlet were frrst counted m 1971

(SnarskI 1971), and the populahon appears to have fallen steadily smce then By
1978, the number of brrds was down by about 40% and today It 18 Just 25% of the
1971 total (platt unpubl18hed data) The trend m murre abundance at ClusIk Island
has paralleled that of kIttIwakes, but the declme has been even steeper The
populahon fell by more than half between 1971 and 1978, and today stands atJust
about 10% of Its former abundance KIttIwake produchvlty has been poor m most
years, averagmg Just 0 06 ch1cks per parr (Table 3 4) Less 18 known about
produchvlty of murres, wmch has been eshmated only smce 1996 In that hme, It
has been vanable and averaged 0 56 ch1cks per parr (Table 3 5)

Table 3 5 Trends In Murre Abundance and ProductiVity at Colomes
In the Gulf of Alaska I

!

V

Population
Colony Trajectory

Gull Island1 Up

Chlslk Island 1 Down

Barren Island 2 Up

Semldl Islands 2 3 Up

1From J Platt (unpublished data)

2From USFWS (unpublished data)

3From S 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

( \

U

In contrast, Just across Cook Inlet at Gull Island m lower Kachemak Bay,
numbers of kIttIwakes and murres have mcreased substanhally smce counts were
frrst made m 1976 The abundance of kIttIwakes more than doubled between the
ffild-1970s and ffild-1980s, peaked m 1988, and has averaged about 10% to 15%
lower through the 1990s (platt unpubllShed data) The growth m numbers of
murres was somewhat less abrupt, but more endurmg, With steady, exponenhal
growth of about 300% through 1999 ProduchVlty of kIthwakes at Gull Island has
been much mgher than at ClusIk Island, and has been among the mghest anywhere
m the GOA WIth comparable data (Table 34) ProduchVlty of murres at Gull Island
has been less vanable than at ClusIk Island, but has averaged essenhally the same,
o52 cmck per adult (Table 3 5)

KIttIwakes were frrst counted on the Barren Islands, at the mouth of Cook Inlet,
m 1977 The next counts m 1989 to 1991 were apparently comparable Systemahc
counts began m 1993 and have conhnued smce It 18 not known If the earlIer (1977
to 1991) and later (1993 to 1999) groups are comparable Wlthm-grOUP data
mwcate that there was no apparent change m kIttIwake abundance durmg eIther
hme penod LIkew18e, there are two groups of counts for murres-7 counts
between 1975 and 1991 and 10 systemahc 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 18 not known whether murre numbers changed from the 1970s to the
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late 1980s Smce 1989, however, the populatIon has steadIly grown by about 40%
(Roseneau unpubhshed data) KItl1wake productIVity at the Barren Islands m the
1990s was as rogh as at Gull Island (fable 3 4) Murre productIVity smce 1995 has
averaged 0 73 crock per parr, wroch IS rogher than at either of the other colomes m
Lower Cook Inlet

KItl1wakes and murres at all three locatIons prey on a slffillar smte of forage
fIShes, but the proportIon of each specres m diets vanes dependmg on theu relatIve
abundance Sand lance, capelm, and cods are the three most lffiportant taxa of prey
(platt unpublIShed data, Roseneau unpubhshed data) Among the cods, the
proportIons of pollock, Pacr&c cod, and saffron cod vary by locatIon A variety of
eVidence from the Lower Cook Inlet regIOn mdlcates that populatIon trends of
kltl1wakes and murres at the three colomes are duectly related to the abundance of
prey available to the buds (KItaysky et al 1999, Robards et al 1999, Platt
unpubhshed data, Roseneau unpublIShed data)

3.9.2.4 Kodiak Island
Of numerous seabud colomes on Komak Island, only the one at Ch1mak Bay

has received much attentIon KItl1wakes were fust counted there m 1975 to 1977
and numbers were stable They were next counted m 1984, by wroch tlme the
populatIon had more than doubled Numbers have smce been vanable, but
showed no slgmhcant changes unb11999, when they were about twice as great as
m 1997 to 1998 KItl1wake producbvlty at Ch1mak Bay was very rogh for at least
2 years m the ffild-1970s (about 1 crock per nest), but was poor m the 1980s,
averagmg JUSt 0 11 crock per nest between 1983 and 1989 ProductIVity lffiproved
m the 1990s, averagmg 0 24 cmck per nest, and has averaged 019 crock per nest
overall smce 1983 (fable 3 4) ThIS pattern of producbvlty contrasts With patterns
seen m PWS and at Gull Island Note to the author There are four d1fferent PWS,.,.
~olomes m Table 3 4!

KItl1wakes at Ch1mak Bay preyed pflffianly on sand lance and capelm m the
1970s VanatIons m met between years were correlated With vanatIons m
productIVity (Barrd 1990)

3.9.2.5 Semid(Islands
I

ApproXlffiately 2,500,000 seabuds, or about a tlurd of all the seabuds nestIng m
the GOA, are found on the Seffilm Islands, mcludmg about 10% of the kltl1wakes,
half of the murres and homed puffms, and nearly all of the northern fulmars
(Hatch and Hatch 1983) Seabrrd studies on the Seffilm Islands began m 1976 and
have contInued m most years smce Most work has occurred at Chowlet Island,
wroch hosts on the order of 400,000 buds of at least 15 species, With the c1lff-nestIng
specles-kltl1wakes, murres, and fulmars-recelvmg the greatest attentIon

The number of kltl1wakes at Chowlet Island vaned httle through 1981,
although the number of nests grew by 60% No counts were made m 1982 to 1988
KItl1wake abundance m 1989 and 1990 had not changed, but It declmed abruptly m
1991, and has averaged about 30% lower smce The number of kltl1wake nests m
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/~ 1989 had fallen back to the late 1970s level, where It has tended to remam (USFWS
G unpublIshed data) ProdUCtIVIty of kIttIwakes at ChOWIet Island was generally

hIgh between 1976 and 1981, averagmg 0 43 chIck per nest, WIth the hIghest level
(about 1 chIck per nest) m 1981 KIttIwakes began failing to produce chIcks at least
by 1983 (no data were obtamed m 1982), however, and m 11 years between then
and 1998, the average productIVIty has been Just 0 05 chIck per nest (Table 3 4)
Accompanymg the declIne m abundance and collapse of productIVIty was a delay
of 9 days m the mean laymg date m the 1990s compared to the 1970s and early
1980s Poor productIvIty and delayed laymg are both symptomatIc of food stress

Murre abundance on ChoWIet Island was stable between 1977 and 1981
Abundance was the same m 1989 when counts were next made, but m contrast to
fmdmgs for kIttIwakes, the populatIon has grown steadIly smce, standmg 30%
hIgher by 1998 As for kIttIwakes, the mean laymg date of murres was about
10 days later m the 1990s than m the 1970s ProductIvIty has not vaned apprecrably
between years, except m 1998 when It was very low The average productIvIty
smce 1989 was 048 chIck per parr, or about the same as at ChIsIk and Gull ISlands
(Table 3 5)

Trends m fulmar abundance, productIvIty, and phenology through tIme
exhIbIted patterns slffillar to those of kIttIwakes and murres As WIth murres,
abundance has mcreased numbers of fulmars grew steadIly between 1976 and
1981, and generally contInued that trajectory at least through the ffild-1990s An
exceptIonally low number recorded m 1998, the last year they were counted and
the only year smce 1995, may be an artIfact and not representatIve of the long-term
trend, or It may represent a real declIne As WIth kIttIwakes, prodUCtIvIty of
fulmars was lower m the 1980s and 1990s, averagmg JUSt 024 chIck per nest from
1983 through 1998, compared to an average of 0 52 chIck per nest from 1976
through 1981 In addItIon, as found for both kIttIwakes and murres, the nestIng
phenology of fulmars was conspIcuously later m the 1990s than m the 1970s

LIttle IS drrectly known about dIets of kIttIwakes and murres at the Seffildl
Islands, but based on dIets of rhmoceros anklets and tufted and homed 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
sIgmhcant for fulmars In general, the dIets of fulmars overlap extensIvely WIth
those of kIttIwakes and murres, although overall fulmar dIets are much more
vaned (Sanger 1987, Hatch 1993) For example, fulmars are noted for eatIng large
amounts of JellyfISh and offal and for feedmg JellyfISh to chIcks

3 9.3 ConclUSions

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

In SpIte of consIderable uncertamty about the magmtude, a WIdespread declIne
~) m the abundance of murres m the GOA may have occurred smce the 1970s
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Numbers are clearly down m such dIverse habItats as MIddleton Island, whIch hes
near the edge of the contmental shelf and IS the most oceamc of all colomes m the
GOA, at ChIsIk Island, whIch IS arguably the most nentIc (nearshore) colony, and
apparently at several colomes along the south SIde of the Alaska Penmsula Murre
numbers are not umformly down, however, they have mcreased dramatIcally at
Gull Island dunng the past 15 years and at the Barren Islands and the SemIdi
Islands dunng the past 10 years Although comparatIvely httle IS known about
murre productIvIty, It has been essentIally the same m recent years at the declmmg
colony on ChIsIk Island as at the growmg colomes on Gull Island and the SemIm
Islands At ChIsIk Island, the rate of dechne of the populatIon equals the estImated
adult mortalIty-productIVity seems to be suffiCIent to mamtam numbers!! those
bIrds were recrUltmg to the populatIon Therefore, recruItment appears to have
been lackmg, whIch could be explamed by poor SUrVIVal of bIrds raISed there or by
emIgratIon to other colomes (piatt personal commumcatIon) At Gull Island,
prodUCtIvIty and recruItment can account for only about half the rate of populatIon
growth, WIth ImmlgratIon reqUIred to explam the other half

In most cases, local trends m the abundance of murres and kIttIwakes, hkely
reflect mesoscale or regional processes affectmg prey avaIlablhty For example,
dIfferences m populatIon trends of both SpecIes at ChIsIk Island and Gull Island,
and dIfferences m prodUCtIVIty of kIttIwakes between the ISlands, are related to
regional vanatIons m the abundance of forage fIShes (PIatt unpublIShed data) The
sImIlarIty m murre productIVIty between colomes IS lIkely explamed by fleXible
tIme budgets, whIch buffers them agamst fluctuatIons m prey (Burger and Platt
1990, Zador and Platt 1999)

There IS not enough mformatIon to determIne whether total kIttIwake
abundance m the GOA. has changed one way or another Many examples of
growth, declme, and StasIS m mdiVIdual colomes are avaIlable, but there IS no
apparent broad geographIc pattern to the trends At the few colomes where both
kIttIwakes and murres have been momtored, abundances of the two specIes tend to
track each other through tIme KIttIwakes, along WIth murres, have dechned at
MIddleton Island and ChIsIk Island, and apparently mcreased, WIth murres, at Gull
Island The one exceptIon IS at ChoWlet Island m the SemIdi Islands, where
kIttIwakes decreased and murres mcreased Elsewhere, kIttIwakes have mcreased
at ChmIak Bay on KodIak Island and remamed stable overall m PWS

There IS 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 mtermedIate levels There are vanous
mterpretatIons of such a relatIonshIp One IS that prodUCtIVity and subsequent
recmItment of young determInes abundance Another IS that kIttIwake abundance
and prodUctIVIty SImply track changes m prey, that IS, m years of hIgh prey
abundance, more adults attend colomes and produce greater numbers of chIcks
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(~ than m years of low prey abundance There would not necessarily have to be any

o other relanonslup between the two

There are consp1cuous temporal patterns of kIthwake produchVlty at many
colomes durmg the past 17 years Produchvlty at colomes m PWS and at Gull
Island has vaned m tandem, With peaks and valleys at about 5-year mtervals' lugh
producbvlty m the mtd- to late 1980s, low m the early 1990s, and lugher agam after
1995 For most of the record, from the early 1980s through the mtd-1990s, this
pattern was OppOSite that at Clumak Bay on K~makIsland, where producbvlty
peaked m the early 1990s while It bottomed-out m PWS and at Gull Island
ProducbVlty at the three locanons tended to track together durmg the latter half of
the 1990s

Ktthwake producbvlty and populanon trends m PWS are well-eorrelated
before 1991 and smce 1991, but the Sign (poslnve or negahve) of the relanonslup
dtffers Before 1991, lugh producbVlty was assocrated With low numbers of brrds at
the colomes, but smce 1991, the relanonslup has been OppOSite A slmtlar sWitch
occurred at about the same hme m the relanonslup between kIthwake producbvlty
m PWS and the abundance of age-1 herrmg Such dtfferences m Sign and behavIOr
of relanonslups before and after the 1989-to-1990 regtme sluft have been pomted
out for kIthwakes m the Bermg Sea and for vanous other ecosystem components of
the North Pactftc It has been suggested that the dtfferences reflect fundamental
changes m ecosystem processes (Sprmger 1998, Welch et al 1998, Hare and Mantua

\,_j 2000)

The peaks and valleys m kIthwake produchvlty m PWS have punctuated a
general declmmg trend durmg the longer term If produchvlty depends more on
prey abundance than on predanon, then It seems as though prey have tended to
declme throughout PWS m the past 17 years, notwlthstandmg apparent

oscillanons

3 9 4 Future Directions

Seabrrds m the GOA are senslnve mmcators of vanability m the abundance of
forage ftshes through hme and space How well mformanon from parhcu1ar
Species at parhcu1ar colomes reflects broad patterns of ecosystem behaVIOr m the
GOA remams to be seen The problem 18 that nearly all of the colomes are Situated
m habitats With dtsbnct mesoscale or regIOnal propemes PWS 18 a prune example,
where colomes are located at the heads of fjords With and WithOut glaCiers, m bays
and on 18lands around the peruneter of the mam body of the sound, and on 18lands
m the center of the sound The Barren Islands and Gull Island are strongly
mfluenced by mtense upwellmg m Kennedy Entrance that greatly modtftes local
phySical conmnons and produchon processes waters m the relanvely small region
are cold, nutnent-nch, and produchve Clustk Island hes m the path of the outflow
of warm, nutnent-poor water from Cook Inlet The Semtdl Islands he at the
downstream end of Sheltkof Strait and the center of dtstnbunon of spawmng

V pollock m the GOA
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Thus, there are vanous trends m abundance of ktttlwakes at the numerous
colomes m PWS Trends m abundance of ktttlwakes and murres at the Barren
Islands and Gull Island are OppoSIte those at nelghbormg Chtstk Island, and
patterns of ktttlwake producttVlty at Gull Island and Chmtak Bay are OppoSIte of
each other Only MIddleton Island, whtch SIts 150lated near the edge of the
conttnental shelf and the Alaska Stream, and SItes on or near the coast of the Alaska
Penmsula west of Kodtak Island, whtch he m the flow of the Alaska Coastal
Current, seem to have the potenttal to represent gulf-wIde vartablhty

f
unencumbered by poSSIbly co:hfusmg smaller-scale features

On the other hand, there 15 reason for optlmtsm that broad-scale vanablhty 15
mdeed expressed m seabrrd blOlogy In SpIte of a WIde varIety of local habItat
characteflSttcs and populatton trends of ktttlwakes at the many colomes m PWS,
and large dtfferences m average long-term producttVlty among colomes WIth
dtffermg abundance trends, a common temporal pattern of producttVlty has been
shared by almost all colomes Concordant, clearly defmed peaks and valleys have
been observed at about 5-year mtervals A sound-Wlde envrronmental SIgnal has
propagated through the ktttlwakes regardless of therr locatton or status

Moreover, the SIgnal captured by ktttlwakes m PWS and expressed m patterns
of producttVlty was also captured by ktttlwakes at Gull Island, tmplymg that they
may not be as ecolOgIcally separated as one mtght assume consldermg therr
geographtc d15tance and characteflSttcs of therr envrronments And further
expandmg the spattal dtmenslOn, the temporal pattern of sand lance abundance m
the VICtnlty 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 ktttlwake producttVlty m PWS and at Gull Island Although a long
geographtcal stretch, It mtght not be such a long ecolOgIcal stretch when VIewed
broadly, at the GOA scale, rather than m a regIonal geographtc and ecolOgIcal
context And fmally, the ktttlwakes at Chmtak Bay also seemed to be attuned to
thlS same SIgnal, notwtthstandmg the fact that It apparently led to OppoSIte
behaVlor m the local system for some of the ttme One thmg that 15 farrly certam of
15 that the temporal and spattal patterns m vanous components of seabrrd blOlogy
exhtblted m the GOA do reflect underlymg patterns m food-web productton and
ecosystem processes Because of the range of oceanographtc sltuattons
surroundmg the vanous colomes, detatled mformatton from them should prove
valuable m bUlldmg a composIte vIew of ecosystem behaVIor m the GOA

A vanety of approaches to developmg a long-term momtormg program m the
GOA mtght work, but the framework that has evolved over the past 3 decades
already has proved useful In-depth work 15 occurrmg or has occurred m many
years smce the 1970s at well-placed locattons throughout the GOA These locattons
mclude St Lazana Island and Forrester Island m Southeast Alaska, MIddleton
Island, many colomes m PWS, Chtstk Island, Gull Island, and the Barren Islands m
Lower Cook Inlet; Kodtak Island, the Semtdl Islands, and Atktak Island on the
south SIde of Ummak Pass Colomes at these locattons share several well-known,
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qactable specIes that proVIde complementary vIews of the ecosystem, parttcu1arly
~ If they are systemancally explOIted for therr contnbunons Just as mformanon from

each of these colorues will help build a composIte broad vIew of the GOA,
mformanon from several spectes of seabrrds at each colony will help build a
composIte regIOnal vIew of ecosystem behaVIOr

Therefore, the most popular specIes should 'contlnue to be the mam focus
These are kttttwakes and murres, the spectes m the GOA WIth the rughest
combmed score of abundance, dIstnbunon, and ease of study Elements of therr
bIology are senslnve to vanability m prey, as seen m the GOA and numerous
places elsewhere m the North Pactftc and North Atlannc

o

Kttttwakes and murres do not do some thmgs as well as second-ner spectes,
namely the puffIns Comparanvely httle 18 known about populanon trends of
puffms, despIte the fact that they are among the most abundant and WIdespread of
the seabrrds m the GOA Thts lack of knowledge results because they nest
underground However, puffIns have been used to morutor trends m forage ftsh
abundance at numerous colorues throughout the GOA, Aleunan Islands, and
Bnnsh ColumbIa (Hatch 1984, Vermeer and Westrhetm 1984, Hatch and Sanger
1992, Hatch unpubltshed data, Platt unpubltshed data) DIets of the three specIes of
puffIns overlap extensIvely, but each samples the envrronment somewhat
dtfferently vanability m dIets among the puffIns, locanons, and tlme reveals
geograpruc patterns of forage ftsh commuruty structure and fluctuanons m the
abundances of mdIvldual specIes PuffIns return whole, fresh prey to therr crucks,
a behaVIor that prOVIdes an economtcal, effiCIent means of measunng vanous
attnbutes of forage ftsh populanons, such as mdIVldual growth rates Wlthm and
between years and relanve year-class strength

Thud-ner specIes, the cormorants, guillemots, and storm-petrels, also have
attnbutes that can prOVIde addInonal useful mformanon Cormorant and
guillemot dIets overlap extensIvely WIth those of kttttwakes, murres, and puffms,
but the cormorants and guillemots sample prey much nearer to colorues and
sample addInonal spectes not used by the others Storm-petrels, m contrast, range
wIdely and sample ocearuc prey not commonly consumed by any other spectes In
combmanon, the dIets, abundance, and prodUct1vlty of the vanous spectes of
seabrrds prOVIde mformanon on prey at mulnple spanal scales around colorues In
sltuanons when thts mformanon can be easily obtamed, It should not be
overlooked

A successful strategy for seabrrd morutonng will balance breadth (geograpruc
and ecologtcal) WIth mtenslty (how much 18 done at each SIte) On the one hand, It
18 tmportant to select a sufftClent number of SIteS to adequately represent a range of
envrronmental condInons m mesoscale and macroscale dtmenslons On the other
hand, studIes must be thorough at each colony Stmply comparmg populanon
trends of one or two specIes may gtve uncertam, pOSSIbly IDlSleadmg mformanon
on underlymg condInons of the envrronment WIthout addlnonal mformanon on
such thmgs as SurvIval, emtgranon, recfUltment, dIet, and physlologtcal condlnon
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of the bIrds, conclusIOns about causes of populaoon change, or about what
populaoon change IS saymg about the enVIronment versus what producoVlty IS
saymg, are elusIve

Another need for a long-term momtonng plan IS knowledge about when
rehable Orne senes begm For example, several esbmates of murre abundance at
colomes m the GOA from the 1970s are hkely not comparable to more recent
systemaoc counts (Enkson 1995, Roseneau unpubhshed data) Inappropnate
comparISons could result m erroneous conclUSIOns about populaoon changes that
mIght further lead to unsupported speculaoon concernmg broader trends m
ecosystem change TIus '(thIS what?_Rlease clanfyjIS mcely illustrated by census
data from the western Alaska Penmsula If taken at face value, the mformaoon
mdlcates that dechnes m the abundance of murres have been parncularly 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 mId-June, whIch IS early m the nesbng season when murre numbers are unstable
at colomes and often much hIgher than later dunng the census penod (Hatch and
Hatch 1989) At another of the colomes, AIktak 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 mulople 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 populaoon has mdeed changed at all over the long term
at AIktak Island, or at the other colomes m the regxon where slffi11ar uncertamty
exISts, and If so how much

In SpIte of such caveats, mformaoon gamed from seabIrds m the past 3 decades
reveals a great deal about the nature of vanabIhty m the GOA We can be certam
that the perpetuaoon and refInement of seabIrd studIes will conbnue to provIde
InsIghts and hypotheses useful to the broader goal of understandmg the GOA
ecosystem

Cnhtcal Informahon Needs

• Conbnumg mformaoon on producovlty, populaoon trends, and dIets of
seabIrds m the GOA,

• Informaoon on the annual SurvIval of seabIrds at nesbng colomes,

• Informaoon on rates of lffiffilgraoon and emIgraoon between colomes,

• Informaoon on funcoonal relaoonshIps between seabIrd abundance,
behaVIor, and producovlty and prey avaIlablhty, and

• Informaoon on funcoonal re1aoonshIps 'Qetween elements of food web
producoon at all trophIc levels and enVIronmental vanabIhty
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395 General Research Questions
I J

\ -~ j What 18 the relatIon between abundance of seabrrd populatIons and the
avaIlabIhty of forage specIes, mdudmg fIsh?

• Are alteratIons m forage fISh abundance and commumty structure brought
on by envrronrnental change capable of controlling seabrrd populatIons?

• Do local trends m the abundance of murres and kIttIwakes reflect
mesoscale or regIOnal chmatIc and oceanographtc processes affectIng prey
avaIlability?

• How can mfluences of prey avaIlability on seabrrd abundance be separated
from the mfluences of mesoscale or regIonal propertIes umque to the
locatIon of the colony, such the presence of glaCIers?

What 18 the relatIon between commerCIal fIShmg and the abundance of seabrrd
populatIons?

3 10 1 Introduction3.10 Fish and
Shellfish The GOA 18 well known for Its fISh and

shellflSh because of Its long-standmg and htghly
valuable commerCIal and recreatIonal fIShenes

(fable 21) Less well known are the non-commercral fISh and mvertebrate specIes
that compose the bulk of the anImal bIOmasS m the GOA As a rule, the
econonucally Important specIes are farrly well known from trawl, trap, and hook
catches made by research and commercral vessels (Cooney 1986, MartIn 1997a,
WItherell 1999a, Kruse et al 2000a) By the same rule, the maJonty of fIsh and
shel1flSh specIes are less well known, havmg been sampled dunng research
mvestIgatIons of hnuted duratIon (Feder and Jewett 1986, Rogers et al 1986,
HIghsnuth et al 1994a, Purcell et al 2000, Rooper and Haldorson ) Specres not
commerCIally harvested are less well studIed than commercrally harvested specIes,
such as Tanner crab For example, because no commerCIal fIShenes are allowed for
such forage fIShes as eulachon, sand lance, capehn, and lantern fISh, the
fluctuatIons of therr populatIons are not well documented More detatled
consIderatIon of some of the less econonucally Important, but more ecolOgIcally
promment forage speCIes 18 found m SectIon 3 8, Forage SpecIes, and some of the
less common shellflSh specIes are consIdered m SectIon 3 7, Nearshore Benthic
CommumtIes

o

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

1 F18h-bony fISh, sharks, skates, and rays,

2 ShellflSh-the mollusks (bIvalves mdudmg scallops, sqUId and octopus),
and Crustaceans-erabs and shnmp
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Note that three other ecologIcally Important groups, the pelagIc JellyfIsh
(Crudana), the bottom dwellmg starfIsh and urchms (Echmodermata), and the
segmented worms (Annehda) are not mcluded m the category of the fIsh and
shellfIsh A lIst of all the SCIentIfIc names and many common names of the speCIes
accessIble to trawl gear on the contmental shelf and shelf break of the GOA IS
found m AppendIx A

As would be expected WIth hIgh marme producbVlty, the fIsh and shellfIsh
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, halIbut, groundflsh (pacIfIc
cod, pollock, sablefIsh, PaCIfIc ocean perch and other rockfIsh, flatfIsh such as soles
and flounders), PaCIfIc hemng, mulhple specres of Pandahd shrImp and red kmg
crab, fIve specIes of PacIfIc salmon, scallops, and other mvertebrates (Kruse et al
2000a, WItherell and I<mt.ball2000, Cooney 1986) The status of major fIshenes and
stocks of mterest are addressed m the subsechons below

3 10 2 Overview of Fish

Most of the approXImately 287 known GOA fIsh SpeCIes are bony fIsh, and the
largest number of specres IS m the sculpm famIly (Cothdae), followed m order of
number of specres by the snaIlfIsh famIly (Cycloptendae), the rockfIsh famIly
(Scorpaerudae) and the flatfIsh famIly (Pleuronechdae) (Tables 3 6 and 3 7) (Cooney,
1986) The bony fIsh dommate the number of specIes m the GOA, WIth less than
10% of SpecIes bemg carhlagmous fIshes (petromyzonhdae to ACIpensendae,
Table 3 6) Specres dIversIty m the fIsh depends on the type of gear used to sample
(Table 3 6) It IS Important to keep m mId that trawl gear surveys are not deSIgned
or mtended to eshmate SpecIes dIversIty A companson of the known fIsh specres
composIhon (Table 3 6, left two columns) to the specres composIhon m the
predOmInant types of trawl gear surveys (Table 3 6, nght two columns) shows that
trawl gear samples undereshmate the fIsh SpeCIes dIverSIty of the GOA (Cooney
1986) The longest standmg trawl gear surveys for the GOA are lImIted to the
contmental shelf and the shelf break (to 500 m before 1999 and to 1,000 m
thereafter) The NMFS has measured relahve abundance and dIStrIbuhon of the
pnncIpal groundflsh and commercIally Important mvertebrate specIes (Martm
1997b), and before 1980, the Internahonal PacIfIc HalIbut COffiffilSslOn (IPHC)
collected mformahon on the abundance, dIStnbuhon and age structure of halIbut
(FIgure 3 17) Hook and lIne surveys for PaCIfIc halIbut, sablefIsh, rockfIsh, and
PacIfIc cod on the contmental shelf m the GOA have been conducted by the IPHC
smce 1962 (Oark et al )

FIGURE 317

FIGURE NOT YET PREPARED (after Martm D H Pages 4 and 5)
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\~ Table 3 6 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

Petromyzontldae 2 3

Hexanchldae 1 1

Lammdae 2 2 1

Carcharhrnldae 1 1

Squahdae 2 2 1

RaJldae 1 7 4

AClpensendae 1 2

Clupeldae 2 2 1 1

Salmomdae 6 12 1 3

Osmefldae 5 6 5 6

Bathylagldae 1 4

Opisthoproctidae 1 1

Gonostomatldae 2 4

Melanostomlldae 1 1

;-' \ Chauhodontldae 1 1 1 1

U 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

ScomberesoCidae 1 1 1 1

Melamphaldae 3 3

Zeldae 1 1

Lampndae 1 1

Trachlptefldae 1 1

Gasterosteldae 2 2

Scorpaemdae 2 22 2 30

Hexagrammldae 3 6 3 5

Anoplopomatldae 2 2 1 1

Cottldae 30 54 15 24

(j Psychrolutldae 1 1
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CI Table 3 6 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

Agonldae 8 12 8 9

Cycloptendae 12 38 5 7

Bramldae 1 1

Pentacerotldae 1 1

Sphyracnldae 1 1

Tnchodontldae 2 2 1 1

Bathymastendae 2 4 2 2

Anarhlchadldae 1 1 1 1

Stlchaeldae 10 15 4 6

ptlhchthYldae 1 1

Phohdldae 2 4

Scytahnldae 1 1

Zaprondae 1 1 1

Ammodytldae 1 1 1

Scombndae 2 2

~\ Centrolophldae 1 1

V Bothldae 1 1

Pleuronectldae 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 Stlchaeldae while Hart
(1973) recognizes a separate family

~I
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o Table 3 7 Proportion of the Total Species Composition of Gulf of Alaska Fish
Fauna Contnbuted by the 10 Dominant Fish Families In Two Different Surveys

Cottldae

Cycloptendae

Scorpaemdae

Pleuronectldae

Stlchaeldae

Salmomdae

Agomdae

ZoanCldae

Myctophldae

RaJldae

Total

Percentage of
Total Fish Species

19

13

8

6

5

4

4

4

3

2

68

Scorpaemdae

Cottldae

Pleuronectldae

Agomdae

Zoarcldae

Cycloptendae

Stlchaeldae

Osmendae

Gadidae

Hexagrammldae

Percentage of
Total Fish Species

10

8

6

3

2

2

2

2

2

2

39

o

Source Hood and Zimmerman 1986
1From Quast and Hall (1972)

2From GOA exploratory cruiSes and resource assessment surveys
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On the basIS of the biOmasS available to trawl gear on the contmental shelf and
shelf break, flatfISh and rockfISh dommate the fISh fauna ill most areas of the GOA
As of 1996, a flatfISh specres, arrowtooth flounder, dommated the overall trawl
survey of the fISh bIomass ill the GOA, followed by Pac1fJ.c ocean perch (rockfISh),
walleye pollock (gadld), Pac1fJ.c halIbut (flatfISh), and Pac1fJ.c cod (gadld) (Martm
1997a) BIOmass of the arrowtooth flounder IS approachmg 2 milllon mt, and Its
bIOmass has been steadIly illcreasillg Sillce 1977 (Witherell 1999a) Of the next 15
largest bIOmasses of SpeCies ill the 1996 NMFS survey, 6 were flatfISh and 5 were
rockfISh

GeographIc dIStnbubons of GOA fISh bIOmass ill the NMFS trawl surveys are
chfferent from the overall total In the western GOA, Atka mackeral
(HexagrammId) had the hIghest bIOmass ill the Shumagm Islands, but thIS species
was not among the 20 largest bIOmasses of specres ill the four other INPFC areas of
the GOA Arrowtooth flounder dommate the trawl survey bIOmasS throughout the
GOA They are the most or second most abundant ill all fIve areas FlatfISh and
espec1ally soles comprISe a large number of hIgh-bIOmasS speCies ill the western
and northwestern GOA (Shumagm Islands, Ounkof, and KodIak), Cl?d rockfISh
have a large number of hIgh-bIOmasS specres ill the northeastern and eastern GOA
(Yakutat and Southeast) Pollock and cod are a dommant part of the bIOmass ill the
western GOA, but less so ill the east Pac1fJ.c sleeper sharks are among the 20
largest bIOmasses of specres ill the north (Ounkof, KodIak, and Yakutat), but not ill
the south (Shumagm Islands and Southeast) The only anadromous species, the I

eulachon, occurs among the 20 largest bIOmasses ill the north, but not ill the south

With the use of a variety of gear types, illcludillg trawl net, try net, trammel
net, beach seme, and tow net ill waters less than 100 m, Rogers et al (1986)
proVided a detalled l1llilge of the dIStnbubon of fISh specres and bIOmass With
depth and by regIon As was the case for the 1996 NMFS trawl surveys, specres
composlbon and relabve bIomass of fISh species ill mulb-gear surveys change
substanbally ill movmg from the nearshore toward offshore areas ill the GOA, as
well as from one region to the next The hndmgs of the mulbple gear surveys were
COnsIStent With the trawl survey observabons ill that shallow (smaller than 100 m)
fISh assemblages were more diverse ill the north and west of the GOA than ill the
northeast and east (Table 3 8 ill comparISon to Table 3 6)

Table 3 8 Companson of the Number of Fish Families and Species Found
at less than 100 m In Different Regions of the GOA

InformatIon summanzed from Rogers et al (1986)

NA =not availableo

Location

Kodiak

Lower Cook Inlet

Pnnce Wilham Sound

Southeast Alaska

Number of Families

22

25
18

NA

Number of Species

101

105

72

51
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Other trends m dIStrIbutIon correspond to reproductIon and seasonal changes
m shallow waters m some specIes of nearshore fIShes Estuarme bays m the KodIak
archtpelago are nursery areas, WIth larvae and Juvemles bemg found m nearshore
and pelagIC habItats WIthm 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 AlItak Bay on KodIak Island Most specres 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 pernuttIng, and larger SIZe classes are found
farther offshore at depths greater than 30 m at all tImes of the year

o

G

Nearshore areas of the GOA provIde rearmg envIronments for the Juvemles of
many fISh specres Important nursery grounds for Juvemle flatfIShes, such as soles
and PacIfIc halIbut, are found m waters of Kachemak Bay and other waters of
Lower Cook Inlet, as well as m Chmtak Bay on KodIak Island (Norcross 1998) In
Kachemak Bay, summer habItats of some Juvemle flatfIShes are shallower than
wmter habItats Juvemle flatfISh dIStrIbutIons m coastal waters are defmed by
substrate type, typICally mud and mud-sand, and by depth, typICally 10 to 80 m,
and m the case of Chmtak Bay, by temperature Deep-water and shallow-water
assemblages were IdentIfIed for the groundftsh commumtIes m both Kachemak
and Chmtak bays, however, the hmItIng depths were dIfferent for the se two
localItIes (Norcross 1998, Mueter and Norcross 1999)

Both salmon and groundfISh populatIons m the northeastern PacIfIc appear to
vary annually m concert WIth features of clImate, but the responses appear to be
dIfferent (FranCIS et al 1998) Annual groundfISh recrUItments follow a cycle WIth a
roughly lo-year penod 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 PDQ (Brodeur et al 1996) The ENSO and the PDQ were shown to
be mdependent of one another (Mantua et al 1997) The OppoSIte responses of
groundfISh and salmon (pOSItIve) and crab (negatIve) recrUItment to mtensIfIed
AleutIan lows may be because dIfferent specIes-specIfIc mechanlStns are mvoked
by the same weather pattern Because the groundfISh specIes descnbed 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 groundfISh toward onshore nursery areas, Improvmg SurvIVal
Salmon, on the other hand, beneftt from mcreased productIon of prey Itetns under
mtense lows The poSSIble lmks between AleutIan lows, PDQs, and ENSO and

I populatIons of fISh and other anImals are dIscussed further below and m a recent
reVIew paper (FrancIS et al 1998)

3.10.2.1 Salmon
The GOA IS the crossroads of the world for PacIfIc salmon Salmon £rom Japan,

RUSSIa, all of Alaska, BntIsh ColumbIa, and the Pacrftc Northwest spend part of
each ltfe cycle m the GOA (Myers et al 2000) FIve specIes of salmon-pmk, chum,
sockeye, coho and Chmook-are very common m the GOA These spec1es appear m
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the GOA as early as the fIrst year of lIfe (all pmk, chum, and ocean type clunook
and some sockeye), however, others may appear durmg the second (all coho and
stream-type Ounook and most sockeye) and rarely durmg the tlurd or later years
(some sockeye) (see (Groot and Margohs 1991) EcolOgIcally, the salmon speCIes
may be dIVIded mto two broad groups, marme planktIvores (pmk, chum, and
sockeye) and marme pIScIvores (coho and chInook) Further ecolOgIcal
dIfferentIatIon IS apparent WIthm planktIvores For example, the SIZe groups o£
plankton consumed by chum and sockeye are Inferred 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

DIstrIbutIon WIthm the GOA changes WIth tIme 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) Durmg the fIrst year of marme lIfe, salmon are located m estuarIes, bays,
and coastal areas WIthm the ACC and contInental shelf (Myers et al 2000) WIth
tIme and growth, fIrst-year salmon move farther away from theIr nver of OrIgtn
and father offshore FIrst-year salmon move out of the ACC mto colder waters m
fall and wmter of theIr fIrst year at sea

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

Salmon populatIons overall are at very hIgh levels m Alaska, WIth the notable
exceptIons of western Alaska chum and clunook populatIons ongtnatIng 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 populatIons of the
Penny and Cnpple nvers have exhIbIted very low to zero spawrung stocks m the
past 5 years Another notable exceptIon to the record hIgh levels of Alaska salmon
productIon are the KVIchak RIver sockeye populatIons of Bnstol Bay, whIch have
faltered Some"off-peak cycle" brood years have recently failed to produce as
expected (Kruse et al 2000b)

The SItuatIon m Western Alaska notwIthstandmg, the 1999 commerCIal harvest
of 404,000 mt of salmon m Alaska was the second largest m recorded hIStory
behInd 1995 (451,000 mt) (Kruse et al 2000b) A large portIon of the record
harvests m 1999 was pmk salmon from areas adjacent to the GOA, PWS, and
Southeast Alaska The status of salmon populatIons and fIsherIes m the followmg
areas were recently evaluated m terms of levels of harvest and spawrung
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 Perunsula, and BrIStol Bay All major

'\
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~ commerCIal salmon stocks were JUdged to be healthy, WIth the excepbon of the
U KVIChak RIver off-eycle brood years (Kruse et al 2000b)

GIven that manne nugrabon patterns of each stock are thought to be
charactensbc and somewhat uruque (Myers et al 2000), the contrast m the status of
salmon stocks between Western and Southcentral and Southeast Alaska offers
some mtngumg research quesbons about the role of manne processes m salmon
producbon (Cooney 1984) Understandmg the processes that connect salmon
producbon to clImate, marme food producbon, and fIshIng requIres understandmg
of the marme pathways of the salmon through bme (Beanush et al 1999b)
Therefore, research approaches to understandmg changes m salmon abundance on
annual and decadal scales need to encompass locahbes that are representabve of
the full lIfe cycle of the salmon and, m parbcular, m estuarme and marme
enVIronments SClenbhc mformabon on freshwater locahbes IS far more common
than that avaIlable for estuarme and manne areas GIven the current state of
mformabon on both hatchery and WIld salmon, It IS hIghly deSIrable to focus
current and future efforts on estuanes and marme areas for understandmg
nugratory pathways and other habItats, phySIOlOgical mdIcators of mdIvidual
health, trophIc dynanucs, and the forClllg effects of weather and oceanographIc
processes (Brodeur et al 2000)

o
3.10.2.2 Pacific Herring

PacIfIc herrmg (herrmg) populabons (Funk 2000) occur m the northeast GOA,
WIth commercIal concentrabons m Southeast Alaska (SItka), PWS, western Lower
Cook Inlet, and occasIOnally around KodIak Most of the hIstoncal mformabon on
herrmg m the GOA comes from coastal manne fIshenes that started m Alaska m
1878 (Kruse et al 2000b), however, mtensive ecolOgical mvesbgabons at the end of
the 20th century have added mformabon on early lIfe hIstory (Norcross et al 1999)
Herrmg depoSIt eggs onto vegetabon m the mterbdal and near subbdal waters m
late spnng, undergo a penod of larval dnft, and spend the frrst summer and wmter
nearshore m sheltered embayments Transport of larvae by currents m relabon to
SItes that are SUItable summer feedmg and overwmtenng grounds IS lIkely an
Important factor affecbng SurvIVal m the frrst year of lIfe m PWS (Norcross et al
1999), as IS the nutnbonal status of these age-O herrmg m the fall of the year (Foy
and Paul 1999) Some porbon of the mature herrmg must nugrate annually
between onshore spawnmg grounds and offshore feedmg grounds, however, the
geography of the lIfe cycle between spawnmg and maturabon IS less certam

Although the geographIc scope of the herrmg lIfe cycle m the Benng Sea IS
farrly well understood, mferences from the Bermg Sea to the GOA are not drrect
because of apparent dIfferences m hfe hIstory strategies between the herrmg of the
two regions (Funk 2000) Adult herrmg m the GOA are smaller and have shorter
lIfe spans than those m the Benng Sea Perhaps GOA herrmg nugrate shorter
dIStances to food sources that are not as nch as those avaIlable to Benng Sea
herrmg, whIch nugrate long dIStances from spawnmg to f~d among the nch food
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sources of the contInental shelf break (Funk 2000) Genehc analyses mdtcate that
Bermg Sea and GOA herrmg populahons are reproducUvely ISolated (Funk 2000)

Another ecologically sIgmftcant characterIShc of PacIfIc herrmg IS the temporal
change m SIZe at age over hme (Brown 2000) Annual devlahons from long-term
(1927 to 1998) mean length at age for SItka Sound herrmg mdtcate a decadal-scale
oscrllahon between posIhve and negahve deviahons Tlus fmdmg IS consIStent
WIth the reported comCIdence of sIZe-at-age data for PacIfIc herrmg WIth the PDO
(Ware 1991) Herrmg may be affected by ENSO events Decreased catches,
recrw.tments, and weight-at-age of herrmg are at hmes asSOCIated With ENSO
events SeabIrds m the GOA that depend on herrmg and other pelagiC forage
spea.es showed WIdespread mortallhes and breedmg failures durmg the ENSO
events of 1983 and 1993 (Bailey et al 1995b) The slffillanhes between the annual
patterns of abundance and the locahon of weather systems (annual geographIcally
averaged sea-level atmosphenc pressure) are not as clear WIth herrmg as for other
fISh spea.es, such as salmon The dtfference may result because herrmg
populahons tend to be dommated by the OCCasIOnal strong year class and show
consIderable vanabIhty m landmgs through the years

The current status of herrmg populahons may be closely related to hIStoncal
fIShmg patterns Long-term changes assoCIated With commerCIal fIShmg have
occurred m the apparent geographIc dIStnbuhon and abundance of GOA herrmg
Herrmg-reducUon fIShenes (Oll and meal) from 1878 to 1967 reached a peak harvest
of 142,000 mt m 1934 That explO1tahon rates were hIgh may be mferred from the
fact that some locahons of major herrmg-reduchon fIShenes, such as SeldOVia Bay
(Kenai PenInsula and Lower Cook Inlet) are now deVOId of herrmg It IS speculated
that reducUon fIShenes 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 explO1tahon rates to the adult
populahon Harvest management applIed by the State of Alaska rehes on bIOmass
eshmates, and harvests are held to a small frachon of the eshmated bIOmass
Harvest IS not allowed until the populahon eshmate rISes above a mmImUffi or
"threshold" bIOmasS level

Recent stateWIde herrmg harvests have averaged less than a thud of the 1934
peak DIrect comparISon of past and present catch statIShcs IS problemahc,
however, because current rates of harvest are thought to be substanhally below
those applIed m 1934 (Kruse et al 2000b) Also note that recent stateWIde fIgures
for herrmg harvests mclude substanhal harvests from outsIde the GOA, and
herrmg-reduchon fIShenes were located m the GOA Populahons of herrmg were
targeted for sac roe startIng m the 1970s and for sac roe and roe on kelp m the
1980s Regional herrmg populahon status IS vanable Populahon 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 operahons were halted
because of low bIOmass and poor recruItment DISease IS strongly suspected as a
factor m keepmg the populahon 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 blOmasS levels Catches m the KodIak ftshery for herrmg sac
roe are declmmg The bent ftshery m She1Ikof StraIt was closed m 1999 because of
Its possIble relatIon to depressed Kanushak Bay herrmg populatIons

SIgmfJ.cant questIons remcnn about the geographIc extent of the stocks to whIch
the blOmass estImates and ftshmg explOItatIon rates may apply m PWS (Norcross et
al 1999) The geomorphology of PWS m relatIon to currents plays an Important
role m determmmg the retentIon of larvae m nearshore areas conducIve to growth
and SurvIval The degree to whIch spawnmg aggregatIons of herrmg may
represent mdIvIdual stocks IS a sIgmfJ.cant 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 condUCIve 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 locahtIes
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 lOCalIty 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, VITal
HemorrhagIc SeptIcemIa and a fungus as factors potentIally hmItIng the abundance
of herrmg m PWS (Hostettler et al 2000, Crane and Galasso 1999)

3.10.2.3 Pollock
Pollock are an ecolOgIcally dommant and economIcally Important cod-hke ftsh

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 hIStoncal
Ichthyoplankton surveys Pollock larvae feed on early developmental stages of
copepods and, as JUvemles, move on to feed on larger zooplankton such as
euphausllds and small ftshes, mcludmg pollock Although canmbalIsm IS regarded
as sIgmfJ.cant m the Bermg Sea, It IS not thought to be a sIgmfJ.cant factor m the
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GOA Pollock eggs and larvae are Important 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 (Bal.1ey et al
1999) Adult walleye pollock are dIStnbuted throughout the GOA at depths above
500 m A substanbal porbon (45%) of the total pollock bIOmass as well as the
lughest catches per urut effort (CPUEs) of the 1996 NMFS survey were found at less
than 200 m m the area between Kodiak and Clunkof ISlands (Maron 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
substanbal aval.1abthty of pollock to trawl gear persISts above 300 m Pollock larger
than 30 em were rarely found above 200 m m the eastern GOA m 1996 (yakutat and
Southeast), although pollock of all SIZeS (about 10 to 70 em) were found at all
depths down to 500 m m the western GOA (Maron 1997a) Although pollock are
commonly found m the outer conbnental shelf and slope, they may also be found
m nearshore areas where they may be Important predators and prey, for example,
m PWS (Willette et al m press)

Populabons of pollock m the GOA are considered to be separate from those m
the Bermg Sea (Bal.1ey et al 1999) Among the most commercially Important of the
GOA groundftsh species, explOItable blOmasses of pollock populabons m 1999
were esbmated at 738,000 mt, down from a peak of about 3 mtllton mt m 1982
(WlthereIl1999b) Annual numbers of 2-year-old pollock entermg the fIShable
populabon (recrUItment) from 198 to 1987 were errabc and usually lower than
recfUltments esbmated m 1977 to 1980

Followmg the c1Imabc regIme sluft m 1978, pollock and other cod-like fISh have
dramabcally mcreased, replacmg shrImp m nearshore waters as the donunant
group of organISms caught m rntd-water trawls on the shelf (platt and Anderson
1996) RecrUItment m pollock IS heavtly mfluenced by oceanograpluc condlbons
expenenced by the eggs and larvae Good condtbons for Juvemles of the 1976 and
1978 year class contnbuted to the 1982 peak m pollock biomass m the GOA (Bal.1ey
et al 1999) Populabons have gradually dechned smce then (WItherell 1999b)
Increasmg mortaltty schedules m 1986 to 1991 may mdtcate mcreasmg predabon
and detenorabng phySical condlbons for both Juvemles and adults m the GOA
(Bal.1ey et al 1999) The larger-than-average year class for GOA Pollock m 1988
may be related to lugh rates of Juvemle growth comcldent With warm water
temperatures, lack of wmds, low predator abundance, and low larval mortaltty
rates (Batley et al 1996) As has been shown to be the case With other groundftsh
SpeCies, GOA pollock reefUltments are poslbvely correlated With ENSO events
(Batley et al 1995b)

Issues m the management of pollock that currently remam unresolved mclude
the geograpluc boundanes of stocks, theIr extent of rntgrabon, the effects of fISlung
m one geograpluc locale on the populabons of pollock and predators mother
geograpluc locales, and what controls the annual recfUltment of young pollock to
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the fIshable populatlons (Batley et al 1999) In relatlon to stock structure, spawnmg
aggregatlons m PWS, the Shumagm Islands (southwest KodIak), and Shehkof StraIt
(separatlng KodIak from the Alaska Penmsula) may represent separate stocks
CondItlons 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 (Batley
et al 1995a) In partlcular, the effects of shIfts m the strength of the ACC on larval
transport pose Important questlons for how year class strength IS determmed In
1996, anomalous relaxatlon of wmds resulted m a dramatlc mcrease m larval
retentlon m the Shehkof basm Increased larval retentlon may be favorable to
SUrvIVal of pollock lcvvae m thIS area, WIth some excepnons (Batley et al 1999)

3.10.2.4 Pacific Cod
PacIfIc cod IS a groundfIsh WIth demersal eggs and larvae found throughout the

GOA on the contlnental shelf and shelf break PacIfIc cod of the GOA are also an
econOInIcally and ecolOgIcally Important specIes PacIfIc cod had an estlmated
fIshable populatlon of 648,000 mt m 1999, whIch IS on the low end of the range of
600,000 to 950,000 mt estlmated for 1978 to 1999 Annual recruItments of GOA
PacIfIc cod have been relatlvely stable smce 1978, WIth exceptlonally large numbers
of 3-year-old recruIts appearmg m 1980 and 1998 BIOmasS of the dommant flatfISh
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, ChInkof and Shumagm Islands)
where PacIfIc cod larger than 30 em are found at all depths above 300 m, but
smaller mdIV1duals are rarely found at depths less than 100 m (MarOn 1997a)

3.10.2.5 Halibut
PacIfIc halIbut are common throughout the GOA at depths less than 400 m, and

halIbut are avatlable to trawl gear at depths of 500 m (MarOn 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 3 17) In
most areas of the GOA, the average weIght and length of halIbut caught m trawl
gear mcreases WIth depth, even though the CPUE dec1mes WIth depth, partlcularly
m the western GOA (Shumagm Islands, ChInkof, and KodIak) (MarOn 1997a)

The explOItable bIOmass of another flatfISh, the hIghly pnzed PacIfIc halIbut, m
1999 was estlmated 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 slIghtly

PacIfIc halIbut appear to undergo decadal-scale changes m recruItment, whIch
have been correlated WIth both the 18 6-year cycle for lunar nodal tlde (parker et al
1995) and the PDQ
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3 10 3 Overview of Shellfish and Benthic Invertebrates

Shellftsh are commonly found on or near the surface of the sea floor, they are
eplbentluc, as adults, and m the water column, pelagIC, for varymg lengths of bme
as pre-adults Excepbons to tlus rule abound, particularly among mollusks such as
sqUId, wluch hve free of the bottom as adults Beyond the nearshore envrronment
(at depths greater than 25 m), the shellftsh and other mvertebrates dommate the
number of specres and the biOmass of the bottom, JUst as other assemblages of
mvertebrates dommate the nearshore (see Sechon 3 7) Among the shellftsh, the
arthropods and mollusks often have the largest number of specres For example, of
287 species of bottom fauna Identtfted 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 trnportant Species of the GOA are dependent for food to a
greater or lesser extent on bentluc mvertebrates dISCUssed here (Commercially
trnportant crabs and shrtrnp are dISCUssed below) CommerCIal crabs and shrtrnps,
and scallops, Jom the fish species of Paetftc cod, walleye pollock, haltbut, and
Paetftc Ocean perch as members of the subtidal bentluc food web for part of each
hfe cycle Detntus, bactena, and ffilcroalgae form the base for the bentluc
mvertebrates of the GOA contlnent;ll shelf, wluch are predommantly ftlter 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 ftlter-feedmg and detnvore component of tlus food web

RegIonal differences are pronounced m the bentluc food webs of the GOA The
eastern GOA has few ftlter 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 specres composItion and productiVity m the
GOA IS deterrntned m part by the ACC, particularly m the embayments and fjords
(Feder and Jewett 1986) The ACC bnngs freshwater to the envrronments
contammg the pelagIC shellftsh larvae and heavy sedtrnent loads that defme the
bottom habitats of the later stages of the hfe cycle BIOmass of ftlter feeders on the
continental shelf m the western Gulf (138 grams per square meter [gjm2]) IS far
lugher than that found m the northeastern or eastern GOA combmed (33 2 gjm2)

Blomasses of detntus feeders m the western (31 gjm2) and eastern (12 gjm2) GOA
are lower than those found m the northeastern GOA (43 gjm2) BlOmasses of all
tropluc groups on the shelf break are lower than those of the adjacent shelf The
dlStnbutlon of bentluc mvertebrates m the GOA attests to the vahdtty of the
hypothesIS that the type of bottom sedtment, as mfluenced by proXlffilty to allUVial
mputs and currents, deterrntnes the specres composItion, production, and
productlvltles of bentluc commumtles (Semenov 1965 m (Feder and Jewett 1986)
Sedtment SIZe IS dommant among the factors controllmg the dlStnbutlon of bentluc
specres (Feder and Jewett 1986)

3.10.3.1 Crab
The prmclpal commerCIal crab specres m the GOA are the klng crabs

(Paraltthodes spp), the tanner crab (ChlOnoecetes balrdl), and the Dungeness crab
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/ (Cancermagzster) All specIes have bentluc adults and pelagtc larvae, although the
o lIfe lustory strategtes vary substantIally WIthIn and among specIes For example,

the pelagtc stages of the red kIng crab are herbIvorous, those of the tanner crab are
CarnIVorous, and those of the golden kIng 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 bentluc enVIronments
(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 comparIson to the
groundfISh populatIons (Kruse et al 2000a) Crab catches m the GOA have shown
sharp changes WIth tIme, perhaps mdIcatIve of sensItIVity to chmatIc forcmg m
some specIes, to fIshmg, or a to combmatIon of factors (Zheng and Kruse 2000b)
The red kIng crab stock of the GOA collapsed m the early 19808 and currently
shows no SIgns of recovery The tanner crab populatIons m PWS, Cook I:Ql.et,
KodIak, and the Alaska Penmsu1a have declmed to low levels m the early 1990s,
and harvest levels have been sharply reduced (Kruse et al 2000b)

o

In a study of tIme-senes data on reCruItment for 15 crab stocks m the Benng
Sea, AleutIan Islands, and GOA, tIme trends m 7 of 15 crab stocks are sIgmhcantly
correlated WIth tIme senes of the strength of AleutIan Low chmate regtmes (Zheng
and Kruse 2000a) TIme trends m recrUItments among some kIng crab stocks were
correlated over broad geographIc regtons, suggestIng a sIgmhcant role of
envIronmental forcmg m regulatIon of populatIon numbers for these speCIes The
mcreased ocean productIVity asSOCIated With the mtense AleutIan Low and warmer
temperatures was mversely related to recrUItment for 7 of the 15 crab stocks The
seven sIgmhcantly negatIve correlatIons between ocean productIvIty and crab
recrwtment were from BrIStol Bay, Cook Inlet ,and the GOA Crab stocks declmed
as the AleutIan Low mtensIfIed A sIgmhcant mverse relatIon between the brood
strength of red kIng crab and AleutIan Low mtensity was reported earlIer for one of
the stocks m thIs study, red kIng crab from BrIStol Bay (Tyler and Kruse 1996)

Tyler and Kruse (1996,1997) and (Zheng and Kruse 2000a) have artIculated an
explICIt~nes of hypotheses lmkmg features of phYSICal and geologtcal
oceanography to the reproductIve and developmental bIology of red kIng and
tanner crab The hypotheses explarn observed relatIons between chmate and
recrUItment Tanner and red kIng 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 SUItable bottom habItat for red kIng crabs in the Benng Sea IS

more generally nearshore, whereas SUItable 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 specr&c,
but stock specIfIc, dependmg on the locatIon of SUItable settlmg habItat m relatIon
to the prevaIlmg currents In the case of red kIng crab, Zheng and Kruse (2000b)
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explam the apparent paradox of lowered recruItment for red kmg crab dunng
penods of mcreased pnmary producbvlty Red kmg crab eat diatoms, but show a
preference for diatoms sumlar to ThalasSloszra spp , wmch dommate m years of
weak lows and stable water columns Strong lows contnbute to well-nuxed water
columns and a diverse assemblage of pr11I1a1Y producers, wmch may be
unfavorable for red kmg crab larvae, but favorable for tanner crab larvae Tanner
crab larvae eat copepods, wmch are favored by the mgher temperatures assOCIated
WIth mtense lows

Recently completed modelmg studies (Rosenkrantz 1999) support chmabc
vanables as determmants of recrmtment success m tanner crab Predommant wmd
drrecbon and temperature of bottom water were strongly related to strength of
tanner crab year classes m the Bermg Sea Northeast wmds are thought to set up
ocean transport processes that promote year-class 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)

3.10.3.2 Shrimp
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 substanbal commercIal Importance m the GOA FIve
specIes of Pandahd shnmp dommated the commerCIal catches, wmch occurred
west of 1440 W longttude m PWS, Cook Inlet, Kodiak and along the Alaska
Penmsula (Kruse et al 2000b) Shnmp &shenes m the GOA peaked at 67,000 mt m
1973, reached 59,000 mt m 1977, and dec1med thereafter to the pomt where shnmp
&shmg 18 vIrtually noneXIStent m the GOA today

Regtonal &shenes follow the pattern seen for the GOA as a whole The trawl
&shery for northern shrImp (pandalus borealzs) m Lower Cook Inlet peaked at
2,800 mt m 1980 to 1981 and was closed m 1987 to 1988 The &shery for northern
and sidestnped shnmp (P dzspar) along the outer Kenai Penmsula peaked at 888 mt
m 1984 to 1985 and closed m 1997 to 1998 The pot &shery for spot (P platyceros)
and coonstnped shnmp (P hypsmotus) m PWS mcreased rapIdly after 1978 to Its
peak harvest of 132 mt m 1986 Tills pot &shery then declmed to Its low of 8 mt m
1991 and has been closed smce 1992 The trawl shnmp &shery for northern shnmp
m PWS peaked at 586 mt m 1984 and SWItched to sidestnped shnmp m 1987 The
PWS trawl &shery for sidestnped shnmp peaked at 89 mt m 1992, and the northern
shnmp catch was vIrtually zero at thIS bme The PWS catch of sidestnped shnmp
m 1999 was 29 mt and fallmg The Kodiak trawl &shery for northern shnmp
peaked at 37,265 mt m 1971, and catch thereafter declmed to 3 mt m 1997 to 1998
In the Aleuban Islands, shnmp catches after the 1978 season declmed preCIpItously,
and the fIshery has not rebounded smce
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/ \ 3.10.4 General Research Questions

\~ The followmg general research quesnons SummarIZe the sClenb.ftc quesnons
posed or suggested by Secnon 3 10

How c;an trends m abundance of fIsh and shel1flSh specIes be explamed?

• What 18 the role of large-scale annosphenc forcmg m controllmg the
structure and abundance of manne fIsh and shel1flSh commurunes m the
western central GOA ecosystem?

Does large-scale annosphenc forcmg control the qualIty of food
avaI1able to larval fIsh and shel1flSh through Its mfluence on the speaes
composlnon and SIZe dlStribunon of pnmary producers?

How do the rates of recrmnnent of benthic antmals With planktomc
larvae respond to mechanISms of transport that may control the
dlStnbunon of larvae relanve to SUItable bottom habItat?

o

How do the rates of recrUInnent of fIsh speaes WIth planktomc larvae
respond to mechamsms of transport that may control the d18tnbunon of
larvae relanve to SUItable Juvem1e rearmg habItat?

• Are fIsh specIes that spawn m the wmter favored by penods of early peak
producb.on, and specIes that spawn m the spnng and summer favored by
penods of delayed producnon?

• What hfe hIStory strategies penmt the arrowtooth flounder to be so
Widespread and abundant?

How well are the speaes composlnon, relanve abundances and trophIc
structure of fIsh and shell&sh commurunes understood, based on current samplmg
methods?

What are the underlymg mechamsms whereby chmate mduces changes m
producnvlty, and whereby fIshmg mduces vananons m the ocean producnon of
salmon?

• How can salmon stocks be Idenb.fted?

• What are the ecolOgical processes m the ocean that control producnVlty of
salmon?

• What are the mterannual vananons m ocean growth, dlstnbunon, and
mIgratory b.mIng of salmon stocks?

• What are the annual levels of ocean producb.on of salmon m the North
PacrfIc and by regIOn of ongm?
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3.111 General Characteristics
3.11 Marine Mammals of the GOA Marine Mammal Fauna

The GOA has a mostly temperate manne
mammal fauna Calkms (1986) provIded the only prevIOusly pubhshed revIew of
GOA manne mammals, and hsted 26 specIes as occurnng m the regIon FIve of
those (ptlotwhale, RIsso's dolphm, nghtwhale dolphm, willte SIded dolphm, and
Cahforma sea hon) are pnmanly southern specres that occur occasIOnally m
Southeast Alaska but rarely, If at all, m the EVOS regIon He also hsted the Pactftc
walrus, willch IS a subarchc specres that occurs m the GOA only as OCCasIOnal
wanderers

Table 3 9 proVIdes a summary of the general characterlShcs of 20 manne
mammal specres that occur regularly m the GEM regIOn, mcludmg 7 baleen whales,
8 toothed whales and porpoISes, 4 pmrnpeds, and the sea otter Useful revIews of
mformahon on these specres can be found m Lentfer (1988), Calkms (1986), Perry et
al (1999), Forney et al (2000), and Ferrero et al (2000) Vanous aspects of manne
mammal bIOlogy are descnbed m detatl m Reynolds and Rommel (1999)

Most of the manne mammal specres shown m Table 3 9 are WIdely dIStrIbuted
m the North Pactftc Ocean, and the annnals that mhablt the GEM regIOn represent
only part of the total populahon Apphcahon of modem molecular genehcs
techruques, however, has prOVIded much new mformahon on populahon
structures (Thzon et al 1997) Researchers have found that for specres such as killer
whales (Hoelzel et al 1998), beluga whales (O'Corry-Crowe and Lowry 1997),
(BIckham et al 1996), harbor seals (Westlake and QlCorry-Crowe 1997), and sea
otters (Scnbner et al 1997), genehc exchange among adjacent and somehmes
overlappmg groups of antmals IS so low that they need to be managed as separate
stocks

Taxonoffilcally the GOA manne mammal fauna can be broken down mto four
major groups

• Myshcete cetaceans-baleen whales,

• Odontocete cetaceans-toothed whales,

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

• Mustehds-sea otters

The baleen whales are pnmanly summer seasonal VISItors to the GOA that
come to the conhnental shelf and offshore waters to feed on zooplankton and small
schoohng ftshes (Calktns 1986, Perry et al 1999) Breedmg and calvmg occur m
more southerly, warmer, regIons The GOA IS pnmanly a ffilgrahon route for the
gray whale, willch breeds and calves m Baja CalIforma, MeXICO, and has Its pnmary
feedmg grounds m the northern Bermg and Chukcht seas Tones et al 1984
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Table 3 9 Summary of Charactensttcs of Manne Mammal Species That Occur Regularly In 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 C S M F? large increasing

Right whale seasonal S F small unknown depleted endangered

Minke whale resident? C S F,C,B? medium? unknown

Odontocetes

Sperm whale seasonal? S,O 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 C S F C,B large unknown

Plnmpeds

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

Northern 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

Mustellds

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 ODD, medium =1,000-10 ODD, large =>10,000
4 Probably Includes at least 3 species Baird's beaked whale, Cuvler's beaked whale, and Bering Sea beaked whale
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The large specIes of baleen whales were all greatly reduced by commercIal
over-explOltahon (perry et al 1999) HIStoncal mformahon on stock structure and
abundance IS very lnmted, and, partly because of therr broad dIStnbuhons,
accurately assessmg current abundance and populahon trend IS generally dtfftcult
(Ferrero et al 2000) Humpback whales and gray whales are excephons to that
generaltzahon For humpbacks, eshmates of populahon SIZe based on mdIvIdual
Idenhftcahons from fluke photos (CalamboktdIS et al 1997) suggest that the central
North Pacrftc stock IS mcreasmg (Ferrero et al 2000) For many years, systemahc
counts have been made of gray whales mtgrahng along the Caltforma coast, and
results mdtcate that smce the 1960s the populahon has been mcreasmg by 2 5% per
year (BreIwIck 1999)

The sItuahon WIth sperm whales IS much hke that of the large baleen whales
Many features of therr basIC bIOlogy, such as stock structure, dIStnbuhon,
mtgratory patterns, and feedmg ecology, are poorly known They occur
throughout the North Pactftc, mostly m deep water south of 500 N lahtude, but
some are seen m the northern GOA at least m summer (Calktns 1986, Perry et al
1999) From what IS known of therr dtet, sperm whales eat mostly deep-water
fIShes and sqwds North Pacrftc sperm whales were mtensely harvested, WIth more
than 250,000 killed dunng 1947 to 1987 (perry et al 1999) Current abundance and
populahon 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 spectes have been relahvely well studted Two
spectes, killer whales and beluga whales, have been selected as focal speCIes for
GEM and are dIScussed m detatl m later sechons Harbor pOrpOISes and Dall's
porpoISes both have relahvely large populahons, and WIth the excephon of
mCIdental take m commercIal fIShenes, they are unhkely to have been sIgntftcantly
tmpacted by human achVIhes (Ferrero et al 2000) Both specIes feed on small fIShes
and sqwds, WIth Dall's porpOISeS usmg mostly conhnental shelf and slope areas
and harbor porpoISeS most common m coastal and conhnental shelf waters
(Calktns 1986)

The two resIdent pmmped specIes, Steller sea hons and harbor seals, are both
focal specIes for GEM and will be dtscussed later m thIS sechon Northern fur seals
pup and breed on ISlands m the Benng Sea (pnbtlof Islands and Bogoslof Island)
A porhon of the populahon mtgrates through the GEM regton on Its way to and
from therr rookenes Adult fur seals may feed m the GOA durmg mtgrahon and
winter months, and non-breedmg antmals may feed m the area year-round Small
fIShes and sqwds are the pnmary foods of fur seals (Calktns 1986) HlStoncally,
northern fur seals were depleted by commerCIal harvests, but the populahon IS
now large, numbenng about 1 millIon antmals, and currently stable (Ferrero et al
2000) Northern elephant seals pup and breed at rookenes m Caltforma and
MeXICO Mter breedmg, adult males go to the GOA to feed on deep-water fIShes
and cephalopods (Stewart 1997) The northern elephant seal populahon was
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greatly depleted by harvesbng, but It IS currently large and grOWIng (Forney et al
2000)

The sea otter IS a focal specIes for GEM and IS dIScussed later m tlus 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 3 9) Early protectIve efforts were m response to
the need to lImIt commerCIal harvests and to reduce theIr Impacts on declmmg 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 exbnctIon 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 PrImarY objectIves of the MMPA are to
"mamtam the health and stability of the marme ecosystem," and for each manne
mammal specIes to "obtam an optImum sustamable populatIon keepmg m mmd
the carrymg capaCIty of the habItat" ProVISIOns of the MMPA put a moratonum
on all "takmg" of marme mammals, WIth exceptIons allowed for subsIStence
hunbng by Alaska NatIves, SCIentIfIc research, publIc dISplay, commerCIal fIShmg,
and certam other human actIVitIes, subject to restnctIons and permItbng SpecIes
determmed to be below theIr"optImum sustamable populatIon" level, and those
lIsted as threatened or endangered under prOVISIOns of the FSA, are lIsted as
depleted under the MMPA and may be given addItIonal protectIon Certam
specIes of marme 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 mc1ude the Alaska NatIve Harbor Seal
COIDIDlSSIOn (ANHSC), the Alaska Sea Otter and Steller Sea LIOn COIDIDlSsIOn, and
the Cook Inlet Marme Mammal Council The ANHSC has been partIcularly actIve
m the EVOS region, and has receIved funds from the Trustee Council to conduct a
bIOsamplIng program m PWS and the GOA, and to contnbute InformatIon about
the dIStnbutIon, abundance, and health of seals Congress has recogmzed the
benefIts of mvolvmg Alaska NatIves m marme mammal management, and has
mcluded proVISIOns for co-management programs (Alaska NatIve orgarnzatIons
workIng 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 declIned m the GOA (and elsewhere ill Alaska) ill recent years
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In general, the causes of those declmes are unclear, but there has been speculabon
that they may be m some way related to the chmacbc regune sluft that occurred m
the regton The eVidence suppomng such a connecbon IS the temporal comCldence
of the sluft to a warmer regune, wmch happened m the ffild-1970s, and the declme
of harbor seals and Steller sea hons that has occurred m the 1970s through the
1990s

The Nabonal Research Council (NRC) reViewed eVidence for a lmkage between
c1lmate and marme mammal declmes as part of therr effort to explam changes that
have occurred m recent years m the Bermg Sea (NRC 1996) They founq data that
showed some hkely negabve effects of cold weather on northern fur seal pups
(Intes 1990) and a strong mfluence of warm EI Nlfio condlbons on Callforrua sea
hons (InllmIch and Ono 1991) Because most GOA marme mammals have broad
ranges that mclude waters much warmer than the GOA, It IS unhke1y that a
warmer regune has had any drrect negabve effect on therr reproducbon or SUrvival
The warmer conwbons, however, have resulted m changes m fIsh and mvertebrate
populabons (Anderson et al 1997) that may m tum have affected the nutnbon of
harbor seals and Steller sea hons (Alaska Sea Grant College Program 1993) The
NRC concluded that food hmItabon was hkely a factor m Bermg Sea prnmped
populabon declmes, but that thIS was due to a complex swte of blOlogtcal and
phySical mteracbons and not slffiply the regune sluft (NRC 1996)

3.11.2 Focal marme mammal Species for the GEM program

3.11.2.1 Killer Whale
Killer whales are medlUm- SIZed, toothed whales They are a cosmopohtan

species generally found throughout the world's oceans, but most common m colder
nearshore waters (Heynmg and Dahlhelm 1988) SlghbngS m Alaska show a Wide
dlStnbubon, mostly on the conbnental shelf, but also offshore (Braham and
Dahlhelffi 1982) Because there has been no real effort to track mdlvldual killer
whales, the understandmg of movements IS based pnmanly on SlghbngS of
anlmals that can be Identtf:J.ed by marks and plgmentabon patterns (Blgg 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 Kowak (Matkm and SauhtlS 1994) Wlthm the EVOS GOA
regton, whales are seen most commonly m southwestern PWS, KenaI FIOrds, and
southern Resurrecbon 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)
SlghbngS from the area around Kowak suggest that killer whales are common, but
there has been httle study effort devoted to that regton (Matkm and SauhtlS 1994)

Killer whales have been stuwed m detall m easily accessible areas such as
Washmgton state, BntlSh Columbia, Southeast Alaska, and PWS Researchers have
found that killer whales have a very complex SOCial system and populabon
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structure StudIes of assocrabon patterns (MatkIn et al 1998), vocahzabons (Ford
1991, Sauhbs 1993), feedIng behavIOr (Ford et al 1998), and molecular genebcs
(Hoelzel et al 1998, Barrett-Lennard et al m press) have shown that there are two
pnmary types of killer whales The types are termed "transIent" and "resIdent" A
pnmary ecolOgIcal dIfference between the two types IS that reSIdents eat fISh, whIle
transIents mostly prey on other marme 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 bme, 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 MatkIn and Sauhbs (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 Mabng occurs mostly dunng
May through October, and most bIrths happen between fall and spnng MaxImum
longeVIty has been esbmated to be 80 to 90 years for females and 50 to 60 years for
males KIUer whales have no natural enemIes, but m some areas, local abundance
and pod structure have been affected by human acbVIbes, mcludmg hve captures
for pubhc dISplay, mteracbons WIth commerCIal fIShenes, and the EVOS (OleslUket
al 1990, Dahlhelffi and MatkIn 1994, MatkIn et al 1994, Ferrero et al 2000, Forney
et al 2000) Normal bIrth and death rates for reSIdent killer whales are about 2%
per year (OleslUk et al 1990)

Surface observabons and exammabon of stomach contents from stranded
anImals have shown that as a group killer whales can and do eat a WIde array of
prey, mcludmg fIShes, bIrds, and mammals (MatkIn and Saullbs 1994) More
detailed studIes have documented consIderable prey SpecIalIZabon m certam pods
and mdIVIduals ReSIdent killer whales m the PWS feed mostly on coho salmon
dunng the summer (MatkIn et al 1997) and on chInook salmon m wmter and
spnng (MatkIn 2000) TransIent whales m the same area eat mostly harbor seals,
Dall's porpoISe, and harbor pOrpOISe (Sauhbs 1993, MatkIn and Sauhbs 1994)
Some GOA transIent killer whales occasIOnally eat Steller sea hons (Barrett
Lennard et al 1995)

It IS dIffIcult to come up WIth meamngful populabon esbmates 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
Resurrecbon Bay) have been poorly studIed Ferrero et al (2000) gave a mmImum
esbmate 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 Rehable data on trend m abundance are not available for
eIther stock The most recent census (1999) mdIcates that there are 135 killer whales

\,J m the eIght pods that regularly use the KenaI FIOrds-PWS regIOn (MatkIn 2000)
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StudIeS of killer whales m the PWS area began m the late 1970s (von ZIegesar et
al 1986, Leatherwood et al 1990) Because killer whales were detemuned to have
been damaged by the EVOS, killer whale studtes were mtenstfted dunng 1989 to
2000 (MatkIn et al 1994, 2000) Those long-term studIes allow accurate
determmatIon of numbers, because all mdtVlduals m each pod are photOldentIfIed
nearly every year BIrths and deaths of mdtvIdual arumals are morutored, whIch
allows the calculatIon of reproductIve and survIVal rates for each pod (MatkIn and
SauhtIs 1994, MatkIn et al 2000)

MatkIn et al (1999) used asSOCIatIon and genealogtcal data to orgaruze 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 penod from 1984 to 2000 are shown m
Table 3 10 All resIdent pods WIth the exceptIon 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 slffil1ar to other reSIdent pods, but the mortalIty rate has
been more than twIce as hIgh (MatkIn et al 2000)

Less IS known about transIent killer whales, and theIr stock structure wIthm the
eastern North Pactftc IS less clear Stock assessment reports have dealt WIth all
transIent whales that occur from Alaska to CalIforrua as a smgle stock (Forney et al
2000) Studtes have shown, however, that two groups of whales that occur m the
EVOS GOA regton, 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-Kenat 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 rematnmg m 2000 (Table 3 10)

The dechnes m the AB and ATl killer whale pods are ISsues ~f major
conservatIon concern Thrrteen whales, mostly JUvemles and adult females,
dISappeared from AB pod from March 1989 to June 1990, the hIghest mortalIty 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 arumals have dted For the AT1 transIents, 12 whales have dIed smce 1988 and
no calves have been recruIted to the group smce 1984 (MatkIn 2000)
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~" Table 3 10 Number of whales Photographically Identified In Killer Whale Pods In

0' 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 smce 1991
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The causes of the declmes m these two killer whale pods are not entrrely clear
Killer whales are only rarely caught mCIdental to commercIal ftshmg operahons
(Ferrero et al 2000) In the nud-1980s, however, the AB pod was mvolved m a
dtfferent type of mterachon WIth the longlme ftshenes for sableftsh and hahbut
(Matkm and Sauhhs 1994) Whales removed hooked ftsh from the lmes, and
ftshermen attempted to deter them by shoohng at them and detonahng explosIves
A number of whales were seen WIth gunshot wounds, and some of those later
dIsappeared In SpIte of eIght mortalthes dunng the prevIous 4 years, the pod
numbered 36 antmals m 1988, one more than m 1984 (Matkm et al 1994) In March
to September 1989, members of the AB pod were several hIDes seen SWtrnmmg m
Oll from the EVOS Although a drrect cause-effect relahonshtp cannot be shown,

I

there lS reason to beheve that the populahon dechne lS m some way due to the spill
(Dahlhetm and Matkm 1994, Matkm et al 1994) Members of the ATI transIent
group were also seen m Oll m summer 1989, and many members of the group were
nussmg the followmg year and have not been seen smce (Matkm et al 1994,2000)
An addIhonal concern related to the potenhal effects of contact WIth OlllS the
consumphon of harbor seals, whtch ATI transIents feed on to a large extent
(Sauhhs 1993) Because many harbor seals were coated WIth Oll by the spill (Lowry
et al 1994), the whales may have mgested contanunated prey In addlhon, the
harbo! seal populahon has decreased Harbor seal numbers were declmmg m parts
of PWS before 1989, an eshIDated 300 seals were killed by the spill, and the seal
populahon has conhnued to declme at least through 1997 (Frost et al 1994, Frost et
al 1999) Therefore, the lack of recrUItment mto the ATI pod may be at least partly
caused by the severe reduchon of harbor seal numbers m the EVOS GOA regIOn
(Matkm et al 2000)

Other than theu general status under the MMPA, Alaskan killer whales have
not been afforded any spectallegal protechon Although the AB pod lS part of a
larger reSIdent populahon, the ATI group lS a dlShnct populahon that lS
demographtcally and genehcally lSolated from other killer whales For that reason,
protechve IlShng under the ESA may be warranted for the ATI group

3.11.2.2 Beluga Whale
Belugas, also called whtte whales or belukhas, are medIum-SIZed, toothed

whales They have a dlSJUIlct cucumpolar dlStnbuhon and occur pnncrpally m
archc and subarchc waters (O'Corry-Crowe and Lowry 1997) Recent studIes have
shown that belugas are separated mto a number of dlScrete genehc groups (stocks),
that generally correspond to groups of antmals that summer m dIfferent regtons
(O'Corry-Crowe et al 1997, Brown Gladden et al 1999) There are four relahvely
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 SIghhngS have
been made near KodIak Island, m PWS, and m Yakutat Bay (Latdre et al m press)
The fact that there have been several reports of belugas m Yakutat Bay dunng 1976
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to 1998 suggests the possIbility of a small resIdent group there The other sightmgs
have most lIkely been of arnmals from the mam Cook Inlet concentratIon

Because summer surveys of belugas m Cook Inlet have been conducted at
Irregular mtervals smce the 1960s and annually smce 1993, beluga dIStrIbutIon 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 mId-summer they are always
most common near the mouths of large nvers m Upper Cook Inlet, especIally the
Beluga River, the Susitna 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 sightmgs made m the 1990s With earher years They found that the propomon
of Sightmgs m Upper Cook Inlet has mcreased greatly m the last decade, and they
conclude that the number of SightmgS m Lower Cook Inlet and m offshore waters
has dechned dunng the years

\

In February-March 1997, aenal surveys were conducted With the specrfIc goal
of gathenng mformatIon on wmter dIStrIbutIon 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 sightmgs (150
out of 160) were m the mIddle part of Cook Inlet, and the remammg Sightmgs were
m Yakutat Bay

Smce 1999, the NMFS NatIonal Marme Mammal Laboratory (NMML) has
gathered data on Cook Inlet beluga dIStrIbutIon and movements through use of
sate11Ite-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 obtaIn mformatIon on wmter dIStrIbutIon, two tags were attached to
whales on September 13, 2000 The whales were tracked untIl mId-January
Dunng that tIme, 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/CetaceanAssessmentfFolder/2000_beluga_whale_tag
gmghtm)

In many parts of Alaska, mcludmg Cook Inlet, belugas are II\ost common m
nearshore waters dunng the summer (Calkms 1986, Frost and Lowry 1990)
Proposed reasons for the use of nearshore habItats mc1ude 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 (St Aubm
et al 1990, SmIth 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 congregatmg nearshore and near nver mouths must be to feed
on abundant fIshes such as salmon and eulachon (Calkms 1984, Moore et al m
press)
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There has been no hfe htstory Informatlon collected from Cook Inlet belugas
BIOlogIcal charactenstlcs 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 y~ars

Mature females gIve bIrth to calves every 2 to 3 years, mostly m late sprmg or
summer The maxunum hfe 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 d:rffIcult to enumerate for a number of reasons PrmClpal
problems are that whales are easy to mISS m muddy water or when wlutecaps are
present, and m all condItlons some fractlon of the populatlon will be underwater
where they cannot be seen Early survey efforts largely Ignored these problems
and Just reported the number of anImals counted, wluch durmg the 1960s to 1980s
was usually a few hundred In 1994 the NMFS NMML began to produce annual
estlmates of populatlon SIZe WIth standardIZed aenal surveys of the entIre Cook
Inlet and a sophtstlcated 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 estlmate of the total
populatlon SIZe (Table 3 11) Unfortunately because of problems mherent m
countIng whales from the aIr, the annual estlmates are lffiprecISe and have a
relatlvely large coeffiCIent of VarIatlon Nonetheless, regreSSIOn analysIS shows a
statIStlcally sIgmfIcant populatlon dechne durmg the 7- year penod The 2000
populatlon IS most hkely at least one-tlurd smaller than It was m 1994 The 95%

I

confIdence hmIts for the 2000 survey were 279 to 679 whales, meanmg It IS very
hkely that the true current populatlon SIZe IS somewhere m that range

AvaIlable data suggest that beluga whales m Cook Inlet rarely become
entangled m fIShmg gear (Ferrero et al 2000) The largest source of mortalIty m
recent years has been huntIng by Alaska Natlves Although harvest data are
lffiprecrse, estlmates of the annual numbel' of whales killed durmg 1993 to 1998
ranged from 21 to 123 anlffials (Ferrero et al 2000, Mahoney and Shelden m press)
ThIS compares to a hkely sustamable harvest of about 20 whales from a populatlon
of 500
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Table 3 11 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

043

044

028

014
\

029

020

023

c

Source (Hobbs Rugh and DeMaster In press)and (Hobbs personal communication) ~
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Because of the populatIon dechne and the potentIal for connnued overharvest,
several envuonmental groups and one mdIvidual subnutted a petItIon to NMFS m
March 1999 requesnng that the Cook Inlet beluga whale be hsted as an endangered
SpeCIes under the ESA Respondmg to the same problems, Senator Ted Stevens
Inserted language mto federiU legISlatIon passed m May 1999 that prohIbIted any
hunnng of beluga whales by Alaska NatIves, unless they had entered mto a co
management agreement With NMFS to regulate the hunt In May 2000, NMFS
fmahzed a desIgnatIon of depletIon under proVISIOns of the MMPA for the Cook
Inlet beluga populatIon, and m June 2000, the agency deternuned that a hsnng
under the ESA was not warranted There was no legal harvest of Cook Inlet
belugas m eIther 1999 or 2000 NMFS IS currently workIng through provISIOns of
the MMPA to allow a small, regulated take of Cook Inlet belugas to satISfy the
cultural needs of Alaska NatIves

Although overharvest by Alaska NatIves m the 1990s appears to be suffiCIent to
explam the populatIon dechne, concerns that thIS small ISolated populatIon may be
vulnerable to other threats remam Areas of concern that have been IdenbfIed
mc1ude commerCIal fIshIng, Oll and gas development, munICIpal dIscharges, nOISe

from arrcraft and shIps, shIppmg traffic, and tourISm (Moore et al m press)

3.11.2.3 Steller Sea Lion
Steller sea hons are the largest specIes of otarnd (eared seal) They are dIStrIbuted

around the North PacrfJ.c nm from northern Japan, the Kurd Islands and Okhotsk Sea,

through the Aleunan Islands and BermgSea, along the southern coast of Alaska, and
south to CalIfOrnIa (Kenyon and Rice 1%1, Loughhn et al 1984, Loughhn et a1 1992)
Most large rookenes are m the GOA and Aleunan 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 dISbnct populatIon segments under the FSA an
eastern populatIon that mc1udes all anImals east of Cape Suckhng, Alaska, and a
western population that mc1udes all anImals at and west of Cape Suckhng ThIS
dISbncbon IS based mostly on results from ffiltochondnal DNA genetIc studIes that
found a dISbnctbreak m the dIStrIbution of haplotypes between locations sampled m
the western part of the range and eastern locations, mdIcabng restncted gene flow
between two populations (BIckham et a1 1996, BIckham et a1 1998a) Information on
dIStrIbution, population response, and phenotypIc charactensbcs, also support the
concept of two Steller sea hon stocks (Loughhn 1997)

Most adultSteller sea hons occupy rookenes durmg the puppmg and breedIng
season, whIch extends from late May to early July (PItcher and Calkms 1981, GISmer
1985) SomeJUverules and non-breedmg adults may summer at or near the rookenes,
but most use other locations as haul-outs Durmg fall and wmter, sea hons may be at
rookery and haul-out SItes that are used durmg the summer, and they are also seen at
other locations They do not make regular nugratIons, but do move ConSIderable
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r- dIstances When they reach adulthood, females generally return to the rookenes of
U therr brrth to pup and breed (Kenyon and RIce 1961, CaIkrns and PItcher 1982,

Loughhn et al 1984)

Steller sea hons use a number ofmanne and terrestrIal habItats Adults

congregate for puppmg and breedIng on rookenes that are usually on sand, gravel,
cobble, boulder, or bedrock beaches of relatIvely remote ISlands Haul-outs are SItes

used by adult sea hons dunng bIDes 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, Jetb.es, breakwaters, naVIganonal

aIds, floanng docks, and sea Ice WIth the excepnon of sea Ice, SItes used for rookenes
and haul-outs are tradInonal and the specIfIc locanons used vary httle from year to

year Factors that mfluence the SUItability of a pamcu1ar area are poorly understood

(Gentry 1970, Sandegren 1970, CaIkrns and PltI::her 1982)

When not on land, Steller sea hons are seen near shore and out to the edge of the
conb.nental shelf, m the GOA, they commonly occur near the 200-m depth contour

(Kapmura and Loughhn 1988) StudIes WIth USIng satelhte-hnked telemetry have

proVIded detaIled mformanon on at-sea movements (Memck and Loughhn 1997)
Adult females tagged at rookenes m the central GOA and A1euhan Islands m summer

made short tnps to sea and generally stayed on the connnental shelf In WInter, adult

females ranged more WIdely WIth some movmg to seaInounts far offshore Pups

(~ tracked dunng the WInter made relatIvely short tnps to sea, but one moved 320 km
G from the eastern Aleuhans to the PnbIlof Islands

Female Steller sea hons reach sexual matunty at3 to 6 years of age and most breed

annually dunng June and July (PItcher and CaIkrns 1981) Males reach sexual

matunty at3 to 7 years of age and physIcal matuntyby age 10, they establISh

temtones on rookenes dunng the breedIng season, and one male may breed WIth

several females (Thorstemson and Lensmk 1962, Gentry 1970, Sandegren 1970, GISmer

1985) Temtonal males fast for long penods dunng the puppmg and breedIng 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 b.me m mtemdal areas and SWIrnmmg

near shore After gIVlllg bnth, sea hon mothers attend pups constantly for about 10

days, then alternate tnps to sea for feedmg WIth returns to the rookery to suckle therr

pup Unhke most pmmpeds, for whIch weanmg IS predIctable and abrupt, Steller sea

hons may connnue to nurse unW they are at least three years old (Gentry 1970,

Sandegren 1970, CaIkrns and PItcher 1982)

Steller sea hons dIe from a number of causes, mcludmg dIsease, predanon,

shoonng by humans, and entanglement m fIshmg nets or debns (Memck et al 1987)

In addInon, pups may dIe from drowmng, starvanon caused by separanon from the

mother, qushmgby larger anImals, and bInng by females other than the mother (Orr

and Poulter 1%7, EdIe 1977)

/ Steller sea hons are generalISt predators that mostly eat a vanety of fIshes and

U mvertebrates (PItcher 1981, NMFS 2000) Seals, sea otters, and bIrds are also
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occasIonally eaten (Gentry and Johnson 1981, PItcher and Fay 1982, Darnel and

SchneeweIS 1992) Much efforthas been devoted to descnbmg the dIet of sea hons m

the GOA In the nud 1970s and nud 1980s, the pnmary food found m sea hon
stomachs was walleye pollock. Octopus, sqmd, herrmg, PaafIc cod, flatfIshes, capelm,

and sand lance also were consumed frequently (PItcher 1981, Calkms and Goodwm

1988) In the 197Os, walleye pollock was the most Important prey m all seasons, except

smnmer, when small forage fIshes (capelm, herrmg, and sand lance) were eaten more

frequently (Memck and Calkms 1996) Results from exanunatIon of scats collected on

rookenes and haul-outs m the GOA m the 19908 confIrmed that pollockhas been

overall the donunant prey, WIth PaafIc cod and salmon also Important m some

months (Memck et al 1997, NMFS 2000) The dIet ofJUveru1e Steller sea hons has not

been studIed 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
daIly food reqmrement 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)

Satellite-lmked tags attached to sea hons have prOVIded mformatIon on the

amount of tIme spent dIVIng and dIVIng depths (Memck and Loughlm 1997) Adult

females m wmter spent the most tIme feedIng and dove the deepest, and young of the

year spent relatIvely httle tIme dIVIng 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
FSA From the nud-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 sImllar magmtude (73%
and 87%), but It appears that the dechne m the eastern GOA began later than m the
western GOA and other regIons (fable 312) Counts of pups on rookenes have

shown sInular dechnes Modehng and taggtng studIes have suggested that the

proXImate cause of the populatIon declme 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 extInct WIthm 100 to 120 years (York et al 1996)
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~ Table 3 12 Index Counts of Steller Sea Lions In the Eastern Gulf of Alaska (Seal

0 Rocks to Outer Island) and Western Gulf of Alaska (Sugarloaf Island to ChoWiet
Island)

Survey Year Eastern GOA Central GOA Western Stock Total

1976 7053 24678 109,8808

1985 19002

1989 7241 8552

1990 5444 7050 30525

1991 4596 6273 29418

1992 3738 5721 27286

1994 3369 4520 24119

1996 2133 3915 22223

1997 3352

1998 3346 20201

1999 1952

2000 1,894 3,177 18193

Source ~utho~ (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 populanon m the past3 to 4 decades (Mernck et al 1987, NMFS 1992,
NMFS 2000) There IS no evIdence that patterns of predanon, dIsease, or
enVIronmental contammants have changed sufftaently to have caused such a major
decrease m abundance (Loughhn 1998) In the past, many sea hons were killed m
commeraal harvests, by madental entanglement m nets, and by shootlng to reduce
damage to fIshmg gear and fIsh depredanon (Alverson 1992) That mortahty may
have played some part m the early stages of the dechne, but such killmg has been
ehmmated or greatly reduced and cannotexplam the WIdespread, contlnumg dechne
SubsIStence huntlng by Alaska Nanves occurs at low levels and IS notJUdged to be an
Important factor overall (Ferrero et al 2000) Currently the most hke1y explananon IS
that sea hons, espeaallyJUvemles, are expenencmg htgher than normal mortahty
because they are nutnnonally hnuted (Loughhn 1998, NMFS 2000) The nutnnonal
hnutanon could be caused by enVIronmental changes that have affected sea hon prey
speaes, competJ.non for prey WIth commeraal fIshenes, or some combmanon of the

two

The dechne of the western populanon of Steller sea hons, and the need to recover
the populanon and protectconcal habItat as reqUIred by the ESA, have been a InaJor
conservanon ISSUe m recent years (Lowry et al 1989, Fntz et al 1995) ActJ.ons
proposed to faahtate recovery may have substantJ.a1 effects on commeraal fIshenes
and coastal commumnes m the GOA and elsewhere (NMFS 2000)

3.11.2.4 Pacific HarborSeal
Harbor seals are medIUm-sIZed, "earless" seals that are WIdespread m

temperate waters of 1>?th the North Atlannc and the North PacIfIc In the North
PacIfIc, theIr dIStnbunon IS nearly contlnuous from Baja CalIforma, MeXICO, to the
GOA and Bermg Sea, through the Aleunan Islands, and to eastern RUSSia and
northern Japan (Shaughnessy and Fay 1977, Hoover-Miller 1994)

Harbor seals are found pnmanly m the coastal zone where they feed and haul
out to rest, give bIrth, care for theIr young, and molt Haul-out SIteS mclude
mtertldal reefs, rocky shores, mud and sand bars, gravel and sand beaches, and
floatlng glacIal Ice (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 IS relanvely easy to study harbor seals whtle they are on haul-outs,
theIr dIStnbunon and movements at sea are not as well understood Dunng 1992 to
1997, as part of EVOS restoranon studIes, satellIt:e-hnked depth recorders (SDRs)
were attached to seals m PWS to study therr at-sea behavIOr AnalySIS of the
trackmg data from 49 subadult and adult harbor seals mdIcated that most tagged
seals stayed m or near PWS, but some subadults moved 300 to 500 km east and
west m the GOA (Frost et al 2001, Lowry et al 2001) VIrtually all relocanons were
on the contlnental shelf m water less than 200 m deep Most feedIng tnps for
adults wept 10 km or less from haul-outs, and Juverules fed mostly Withm 25 km
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Patterns of dIvmg (effort and depth) vaned geograplucally and seasonally Dunng
~ 1997 to 1999, SDRs were attached to 27 recently weaned harbor seal pupsm PWS

Pre1munary analysIS of those data (Frost et al 1998, Lowry and Frost unpubhshed)
dId not show any extraordmary movement patterns

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

Overall, harbor seals are relahvely sedentary and they show considerable
fIdelIty to haul-out SiteS (pItcher and McAIhster 1981, Frost et al 1996, Frost et al
1997) For management purposes, NMFS has delmeated three harbor seal stocks m
Alaska

o

1 The southeast Alaska stock, mcludmg antrnals east and south of Cape
Sucklmg,

2 The GOA stock, mcludmg antmals from Cape Sucklmg to Urumak Pass and
westward through the Aleuhan Islands, and

3 The Benng Sea stock mcludmg antmals m BrIStol Bay and the Pnbl10f
Islands (Ferrero et al 2000)

Dunng the past several years, an m-depth study of Alaska harbor seal genehcs
has been conducted by the NMFS Southwest FIShenes Science Center Prehmmary
analySIS of those data mdIcate a number of relahvely small populahon umts Wlth
very hrnIted dISpersal among them (OICorry-Crowe et al m press), m (Small et al
1999) Results suggest that Wlthm the EVOS area, there are mulhple harbor seal
stocks that may reqUITe mdIvldual management attenhon NMFS screnhsts are
currently analyzmg the molecular genehcs data and preparmg It for publIcahon
NMFS managers are evaluahng those results With the mtenhon of reftnmg stock
boundanes for Alaska harbor seals

Hoover-Miller (Hoover-Miller 1994) summanzed avatlable mformahon on
Alaska harbor seal biology and lIfe hIStory Both male and female harbor seals
reach sexual matunty 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 ffild-May through June Newborn harbor seals pups are born With therr eyes
open, Wlth an adult-lIke coat, and are lffiffiedtately able to SWlffi Pups are weaned
when they are 3 to 6 weeks old Once each year m July to September, harbor seals
shed therr old harr and grow a new coat Dunng thIS hme, the seals spend more
hme hauled out than they do at other hmes For that reason, the molt penod IS a
good hme to count seals to eshmate populahon sIZes and trends

Most mformahon about the dIet of harbor seals m PWS and the GOA was
collected m the ffild-1970s by exammahon of stomach contents (pItcher 1980) The

~ major prey overall m both PWS and adjacent parts of the GOA was pollock
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Octopus, capelm, Pactftc cod, and hemng also are eaten frequently Stomachs of
young seals contamed mostly pollock, capelm, eulachon, and herrmg As part of
EVOS restoratlon studIes, blubber samples from PWS harbor seals have been
analyzed for theIr fatty aCId composltlon to examme theIr recent dIets (Iverson et al
1997), and (Lowry and Frost unpubhshed) Irutlal results showed that herrmg,
pollock, other ftshes, and cephalopods (a class of sqUId and OctOpI) had been eaten
Seals sampled at the same haul-out had strntlar fatty aCId composltlons, suggestlng
that they had fed locally on strntlar prey In contrast, seals sampled from areas as
httle as 80 km apart had dtfferent fatty aCId composltlons, mdlcatlng substantlally
dtfferent dtets Small et al (1999) have exammed scats from harbor seals collected
near Kodtak and found mostly remams of scu1ptns, greenlmg, sand lance, and

pollock

Known predators of harbor seals mclude ktller whales, Steller sea hons, and
sharks The trnpact of these predators on harbor seal populatlons IS unknown, but
may be slgntft.cant In PWS alone, ktller whales may eat as many as 400 harbor
seals per year (Matkm 2000) The mCldence of sharks caught on haltbut10ngImes m
the GOA has mcreased greatly m the last decade (Lowry and Frost unpubltshed
data) The degree to wmch 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 ktlled to reduce theIr predatlon on, commercIally trnportant ftshes
(Hoover-Miller 1994) Such ktlls, wmch exceeded 10,000 antrnals m many years,
were largely stopped m 1972 The MMPA allowed ftshermen to shoot seals If they
were damagmg theIr gear or catch and could not be deterred by other means A
few hundred antrnals probably were ktlled annually for that reason durmg 1973 to
1993 In 1994, the MMPA was amended to requIre thatftshermen use only non

lethal means to keep marme mammals away from theIr gear

Harbor seals have been and contlnue to be an trnportant food and handtcraft
resource for Alaska Natlve subSIStence hunters m PWS and the GOA The ADF&G
DIVISIon of SubSIStence estlmated the Size of the harbor seal harvest annually
durmg 1992 to 1998 The average annual ktll durmg that penod was approxlffia~ly

380 seals m PWS and 360 for KodIak, Cook Inlet-KenaI, and the south Alaska
Penmsu1a combmed (Wolfe and Hutchtnson-Scarbrough 1999) About 88% of the
seals shot were retneved, and 12% were struck and lost Although harvests at
mdlvldual villages have vaned from year to year, regIOnal harvest levels have
shown no clear trend

Harbor seals are sometlmes entangled and ktlled m the gear set by several
commerctal ftshenes that operate m the EVOS GOA regton Ferrero et al (2000)
estlmated an average rnmtrnum annual mortahty of 36 antrnals for the GOA stock
Thts ftgure was an underestlmate, because there have not been observer progratns
for several of the ftshenes that are hkely to mteract WIth harbor seals
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Some harbor seals were killed by the EVOS, at least ill PWS (Frost et al 1994) In
August and September 1989, ADF&G flew aenal surveys of harbor seals ill olled and
unolled areas of central and eastern PWS Results of those surveys were compared to
earher surveys of the same haul-outs conducted ill 1983, 1984, and 1988 Before the

I

EVOS, counts ill olled and unolled areas of PWS were dechnmg at a smular rate, about
12% per year From 1988 to 1989, however, there was a 43% dechne ill counts of seals
at olled SItes compared to 11%at unolled SItes Other studIes conducted as part of
the EVOS damage assessment program showed that seals ill olled areas became
coated WIth oll (Lowry et al 1994) Many olled seals acted SIck and lethargIC for the
fIrst few months after the spill Tests of blle and tIssues showed that olled seals
were metabohzmg petroleum compounds (Frost et al 1994) MICroscopIC
exammahon mdIcated that some olled seals had bram damage that would lIkely
have illterfered WIth Important funchons such as breathmg, SWlffiffiillg, dIvillg, and
feedmg (Spraker et al 1994) Itwas eshmated that apprOXImately 300 seals dIed
because of the EVOS (Frostet al 1994) Hoover-Miller et al (2000) dIsputed the
mortahty eshmate of Frostet al (1994), but they admIt that the spill had effects on

harbor seals and do not prOVIde an altemahve eshmate of mortahty

Harbor seals are one of the most common marme mammals m the EVOS GOA
regIon In1973, ADF&G eshmated there were about 125,000 m thIs regIon based on
harvest data, observed denslhes of seals, and the amount of aval1able habItat
(pItcher 1984) The most recent populahon eshIDate 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 eshmates were very dIfferent
and they are not dIrectly comparable, the dIfference does suggest that a large
dechne m harbor seal numbers has occurred ill the GOA

Counts at mdIVIdual haul-outs and along surveys routes estabhshed to momtor
trends confIrm the dechne and proVIde some mformahon on the temporal pattern
of changes (Table 313) 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 stabIhzahon before apopulahon illcrease 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 illdex SIteS have shown that the dechne m that part of PWS conhnued at
least through 1997, by whIch hIDe there were 63% fewer seals than there were ill
1984 (Frost et al 1999) Counts on the PWS trend route were farrly sIml1ar ill 1994
to 1998 (Table 313), suggeshng that the dechne m that area may have stopped In
the KodIak trend area, harbor seal counts illcreased by 56% per year dunng 1993 to
1999 (Small et al 1999)
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,~ Table 3 13 Counts of Harbor Seals at Index Sites In the EVOS GOA Region

0 Year Tugldak Island PWS Kodiak

1976 5708

1977 4618

1978 3781

1979 3133

1982 1918

1984 1469 2488

1986 1 181

1988 966 1,875

1989 1423

1990 882 1282

1991 1200

1992 820 1 133

1993 805 1126 3129

1994 800 981 3478

1995 804 1126 3855

1996 819 962 3322

1997 844 929 3674

0
1998 880 1053 4247

1999 929 4876

Source (Pitcher 1990) (Frost Lowry, Sinclair ver Hoet and McAllister 1994) (Frost et al
unpublished) (Small R personal commumcatlon) year?

Counts have been adjusted to account tor Important covanates (see (Frost Lowry and ver Hoet
1999), Small et al In P.f~p



o

GULF ECOSYSTEM MONITORING AND REsEARQ-I PLAN

MortalIty of harbor seals caused by people because of ftshery mteractlons, the

EVOS, and huntmg has been farrly well documented Each of these causes may be a

contnbutmg factor, but It seems unhkely that they could have caused such a

WIdespread and IDaJor populatIon dec1me Other factors that could be mvolved m the

dec1me mclude dIsease, food hnutatIon, predatIon, contammants, and changes m

habItat avaIlabthty No strong SCIentIfIc eVIdence has been produced, however, to
suggest that any of these factors has been a pnmary cause (Sease 1992, Hoover-Miller

1994) A Leshe matrIx model for populatIon prOJectlon showed that large changes m
VItal parameters (reproductlon and survIVal) must have occurred to cause the dec1mes

m abundance seen m PWS durmg 1984 to 1989, and that changes m JUvemle SUrvIval

are lIkely to have the greatest effect on populatIon growth (Frostet 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 pubhc 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 mvesngate

possIble causes for the dec1me (Frost and Lowry 1994, Frost et al 1995, Frost et al

19%,Frostetal 1997,Frostetal 1998,Frostetal 1999) Ataboutthesametlme,

Congress began proVIdmg funds to ADF&G to be used to mvestIgate causes of the
Alaskan harbor seal dec1me Those funds were used to IDlt1ate harbor seal research

programs m SoutheastAlaska and the KodIak area, and to resume long-term studIes
on Tugtdak Island (LeWIS 19%, Small et al 1997, Small 1998, Small et al 1999, Small

and Pendleton 2001) A IDaJor part of all those studIes has been hve-capturmg seals

and attachmg SDRs to them to learn about therr movements, foragtng patterns, and

behaVIor on land and at sea As part of the field studIes, researchers have weIghed

and measured each seal, and have taken samples for studIes of blood chemIStry,

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 undersiandmg 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 magmfIed 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 hmIted 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 umts

Harbor seals may have great value as an mdIcator specres 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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and behaVIor should be reflectIve of changes m local envIronmental condtnons m
the areas they mhablt Further, they are re1anvely easy to study, and dunng the
past 30 years a consIderable amount of base1me data has been collected on theIr
abundance, dIstrIbutIon, and other aspects of theIr bIOlogy and ecology

3.11.2.5 Sea Otter
Sea otters are the only completely marme specIes of the aquatIc lutrmae, or

otter subfanuly of the fanuly Mustehdae They occur only m coastal waters around
the North PacrfIc nm, from central Baja CalIforma, MeXICO, to the northern Islands
of Japan The northern dIStrIbutIon of sea otters IS hmIted by the southern extent of
wmter sea Ice that hmIts access to foragmg habItat (Kenyon 1969, RIedman and
Estes 1990) Southern range hmIts are less well understood, but are bkely related to
reduced prodUctIVIty at lower latItudes, 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 kenyonz from the western AleutIans 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 genetIc data (Cronm et al 1996, Scnbner et al 1997) The
dIStrIbutIon of nutochondrIal DNA haplotypes suggests httle or no recent female
medIated gene flow among populatIons PopulatIons separated by large
geographIc dIstances, however, share some haplotypes (for example, m the Kuru
and Kodtak ISlands), suggestIve of common ancestry and some level of hIstoncal
gene flow The dIfferences m genetIc markers among contemporary sea otter
populatIons bkely reflect the followmg

• Penods of habItat fragmentatIon and consohdatIon dunng PleIStocene
glaCIal advance and retreat, \

• Some effect of reproductIve ISolanon over large spatIal scale, and

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

Sea otters occupy and use only coastal marme habItats The seaward hmIt of
theIr feedmg habItat, whIch IS about the 10D-m depth contour, IS defmed by theIr
ability to dtve to the sea floor Although sea otters may be found at the surface m
deeper water, eIther restIng or SWImnung, they must mamtam relatIvely 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 Udevitz 1999) Sea otters forage m dIverse bottom
types, from £me mud and sand to rocky reefs Although they may haul out on
mterbdal or suprandal shores, no aspect of theIr hfe hIStory reqUIres leavmg the
ocean Where present, surface-canopy-fornung kelps proVIde preferred restIng
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
groupSnumbermg m the hundreds (RIedman and Estes 1990)

Relahvely few data are avaIlable to descnbe 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, Bodkm 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 Equilibnum, or sustamable densihes ,hkely 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 attaIn weIghts of 45 kg and total lengths of 148 em Adult
females attaIn weIghts of 36 kg and total lengths of 140 em At bIrth, pups weIgh
about 1 7 to 2 3 kg and are about 60 em m total length

Adult male sea otters gam access to estrous females by establIShIng and
rnamtammg terntones from whIch other males are excluded (Kenyon 1969,
GarshelIS et al 1984, Jameson 1989) Male terntones vary m SIZe from about 20 to
80 hectares Terntones may be located m or adjacent to female reshng or feedmg
areas or along travel corndors between those areas, and are occupIed conhnuously
or mtermIttently through hme (Loughlm 1981, GarshelIS et al 1984, Jameson 1989)
Female sea otters attaIn sexual matunty as early as age 2, and by age 3 most
females are sexually mature Where food resources may be lImIhng 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 (S1.111f:f and Ralls 1991,
Bodkm 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 sImllar despIte dIfferences m
resource avaIlability Although copulahon and subsequent puppmg can take place
at any hme of year, there appears to be a posIhve relahon between mcreasmg
lahtude and reproduchve synchrony (occurnng SImultaneously) In CalIforma,
puppmg IS weakly synchronous to nearly umform across months, m PWS, a
dIShnct peak m puppmg occurs m late spnng

Reproduchve output remams relahvely constant across a broad range of
ecolOgical condIhons, and pup SUrvIval appears to be mfluenced by resource
avaIlabIlIty, pnmanly food At AmchItka Island, a populahon at or near
equilibnum densIty, dependent pup SUrvIval ranged from 22% to 40%, compared
to nearly 85% at KodIak Island, where food was not lImIhng and the populahon
was mcreasmg (Monson et al 2000b) Post-weanmg annual SUrvIVal IS vanable
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 m ultImately regulatIng sea otter populabon SIZe SurvIVal
of sea otters more than 2 years of age 18 generally lugh, approachmg 90%, but
gradually declmes through tIme (Bodkm and Jameson 1991, Monson et al 2000b)
Most mortalIty, other than human related, occurs durmg late wmter and sprmg
(Kenyon 1969, Bodkm and Jameson 1991, Bodkm et al 2000) Maxnnum ages,
based on tooth annuh, are about 22 years for females and 15 years for males

Although the sex rabo before bIrth (fetal sex rabo) 18 one to one (Kenyon 1982,
Bodkm et al 1993), sea otter populabons generally cons18t of more females than
males Age-specrf:Ic SUrvIval of sea otters 18 generally lower among males (Kenyon
1969, Kenyon 1982, Smtff and Ralls 1991, Monson and DeGange 1995, Bodkm et al
2000), resultIng m a female-bIased adult populabon

The sea otter relIes on arr trapped m the fur for lllSulabon and an elevated
metabolIc rate to generate mternal body heat To mamtam the elevated metabolIc
rate, energy mtake must be lugh, requtrmg consumpbon of prey equal to about
20% to 33 % of therr body weIght per day (Kenyon 1969, Costa 1982)

The sea otter 18 a generalISt predator, known to consume more than 150
dtfferent prey spec1es (Kenyon 1969, Rtedman and Estes 1990, Estes and Bodkm m
press) WIth few excepbons, therr prey generally cons18t of sessne or slow movmg
benthIc mvertebrates such as mollusks, crustaceans, and echmodeflllS Preferred
foragmg habItat 18 generally m depths less than 40 m (Rtedman and Estes 1990),
although studIes m 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 feedmg
bouts averagmg about 3 hours, separated by penods of rest that also average about
3 hours Generally, the amount of tIme a sea otter allocates toward foragmg 18
posIbvely related to sea otter densIty and mversely related to prey availability
TIme spent foragmg may be a meanmgful measure of sea otter populabon status
(Estes et al 1982, Garshel18 et al 1986)

NOTE TO PHIL fr9m lloyd LatIn names of p.rey: weren't 8!ven m theo~
~ons - take them out othere?? T1us 18 an emtonal dec18IOn that lII!Racts all;
~CbOns, so It can WaIt An author may choose to R!!t LatIn bmoffilals m the text, o~
Rut them m Ap~ndlx as addibons to Ap~dIXA ~

Although the sea otter 18 known to prey on a large number of speCIes, only a
few tend to predOmInate m the dIet, dependmg on locabon, habItat type, season,
and length of occupabon The predommately soft-sedtment habItats of Southeast
Alaska, PWS, and KodIak Island support populabons of clams that are the pnmary
prey of sea otters Throughout most of Southeast Alaska, burrowmg bIvalve clams
(specIes of 5axtdomus, Protothaca, Macoma, andMya) predommate m the sea otter's
dIet (KV1tek et al 1993) They account for more than 50% of the IdentIfIed prey,
although urcluns (5 droebachzenszs) and mussels (Modzolzs modzolzs, Musculus spp)
can also be Important In PWS and at Komak Island, clams account for 34% to
100% of the otter's prey (CalklllS 1978, Doroff and Bodkm 1994, Doroff and
DeGange 1994) Mussels (Mytzlus 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-occupled 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
dIet m PWS and the KodIak archIpelago In contrast, the sea otter dIet m the
Aleunan, Commander, and Kunl18lands 18 dommated by sea urchms and a vanety
of fm fIsh (mcludmg hexagrammIds, gadIds, cotnds, percrformes, cycloptends, and
scorpaemds) (Kenyon 1969, Estes et al 1982) Sea urchms tend to dommate the dIet
of low-densIty sea otter populanons, whereas fIshes are consumed m populanons
near eqtuhbnum 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 sqUId (Lollgo spp )
and pelagiC red crabs (Pleuroncodes planzpes) m CalIfornIa and smooth lumpsuckers
(Aptocyclus ventncosus) m the Aleunan Islands On occasIOn, sea otters attack and
consume sea buds, mcludmg teal (Anas crecca), scoters (Melanzta persptClllata), loons
(Gavza lmmer), gulls (Larus spp ), grebes (Aechmophoru socCldentalls), and cormorants
(Phalacrocorax spp ) (Kenyon 1969, RIedman and Estes 1990)

Sea otters are known for the effects theu foragmg has on the structure and
funcnon of nearshore manne commurunes They provIde an Important example of
the ecolOgical "keystone specIes" concept (power et al 1996) In the absence of sea
otter foragmg dunng the 20th century, populanons of several SpecIes of urchIns
(Strongylocentrotus spp ) became extremely abundant Grazmg acnVInes of urchms
effecnvely lImIted kelp populanons, resultlng m deforested areas known as "urchIn
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,
resultlng 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 SchIel 1988, Foster 1990), the
generahty of the sea otter effect m reducmg urchIns and mcreasmg kelp forests 18
WIdely recOgnIZed (revIewed m Estes and DuggInS 1995) Further cascadmg effects
of sea otters m coastal rocky subtldal commurunes may stem from the prohferanon
of kelp forests Followmg sea otter recovery, kelp forests proVIde food and habItat
for other specIes, mcludmg fm fIsh (SImenstad et al 1978, Ebelmg and Laur 1998),
whIch prOVIde forage for other fIshes, buds, and mammals Furthermore, where
present, kelps proVIde the prImarY source of orgamc carbon to the nearshore
manne commuruty (DuggInS et al 1989)

Effects of sea otter foragmg are also documented m rocky mterndal and soft
sedIment manne commurunes The sIZe-c1ass dlStnbunon of mussels was strongly
skewed toward ammals WIth shell lengths smaller than 40 mm where otters were
present, however, mussels With shell lengths larger than 40 mm compnsed a large

VOLUME II, CHAPTER 3 151



GULF ECOSYSTEM MONITORING AND REsEARQ-I PLAN

component of the population where sea otters were absent (VanBlancom 1988) In
soft-sedunent coastal communIties, sea otters forage on epIfauna (crustaceans,
echmodermsfand mollusks) and mfauna (pnman1y clams) They generally select
the largest mdIVlduals These foragmg charactenstics cause declmes m prey
abundance and reductions m SIZe-Class dIstnbutions, although the deepest
burrowmg clams (such as, Tresus nuttallzz and Panopea generosa) may attam refuge
from some sea otter predation (KVltek and Ohver 1988, KVItek et al 1992)
CommunIty level responses to reoccupation by sea otters are much less well
studIed m soft-sedunent 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 mdivIdua1s, 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
mdIVlduals remamed m each of 13 remote populations scattered between
CalIforma and RUSSIa (Kenyon 1969, Bodkm and Udevltz 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 theIr hIStonc range (Table 314),
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
Canada, Washmgton, and Southeast Alaska, to stable or changmg shghtly m PWS,
the Commander Islands and CalIforma, to declmmg rapIdly throughout the entrre
Aleutian archIpelago (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 charactenzed by food hmItation and
bIrth rates that approxImate death rates The recent large-scale dechnes m the
Aleutian archIpelago are unprecedented m recent tImes and demonstrate complex
relations between coastal and ocearuc marme ecosystems (Estes et al 1998) The
magmtude and geographIc extent of the Aleutian declme 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 llffilting,
however, It IS likely that other mechanISms, such as predation, contammatIon,
human take, or dIsease will play mcreasmgly Important roles m structurmg sea
otter populations
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Table 3 14 Recent Counts or Estimates of Sea Otter (Enhydra lutns) Abundance....._/

In the North Pacific

SubspeCies Area Year Number Status

E Ilutns RUSSia 1995-97 21500 Stable In Kunls and Commander
Islands increasing In Kamchatka

EI kenyom Alaska USA 1994-99 100 000 Decllmng In Aleutians uncertain In
GOA and increasing In Southeast

Bntlsh 1997 1,500 IncreaSing
Columbia
Canada

Washington 1997 500 IncreaSing
USA

E I nerels California 1997 2200 Uncertain
USA

Total 125700

Source (Bodkin and Kenyon In press)
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A number of predators mc1ude sea otters m therr met, most notably the wlute shark
(Carcharadon charchanas) and the killer whale (Orca orcznus) Bald eagles (Haltaeetus
leucocephalus) may be a slgruftcant source of very young pup mortallty Terrestrial
predators, mc1udmgwolves (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) predanon was thought to playa mmor
role m regulatlng sea otters (Kenyon 1969)

PatholOgical disorders related to ententls and pneumoma are common among
beach-cast carcasses and may be related to madequate food resources, although
such mortahnes generally comcrde With late wmter penods of mc1ement weather
(Kenyon 1969, Bodkm and Jameson 1991, Bodkm et al 2000) Non-lethal
gastromtestlnal parasites are common, and lethal mfestanons are occasIOnally
observed Among older anImals, tooth wear can lead to abscesses and systemic
mfectlon, eventually contnbutlng to death

Contammants are of mcreasmg concern m the conservanon and management of
sea otter populanons throughout the North PacIfiC Concentranons of
organochlormes, slffillar to levels causmg reproducnve fadure m capnve mmk
(Mustela mson), occurred m the Aleunan Islands and Callforrua, whereas otters
from Southeast Alaska were relanvely uncontammated (Estes et al 1997, Bacon et
al 1998) Elevated levels of butyltln reSidues and organochlorme compounds have
been asSOCIated With sea otter mortality caused by mfectlous dISease m Callforrua
(Kannan et al 1998, Nakata et al 1998) Changes m stable lead ISOtope
composlnons from pre-mdustnal and modem sea otters m the Aleunans 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 IS
pnmanly from Asian and North Amencan mdustnal sources (Sffilth et al 1990)

Suscepnbmty of sea otters to oil spills, largely because of the rehance on therr
fur for thermoregulanon, has long been recogruzed (Kenyon 1969, Snuff et al 1982)
and thIS was confIrmed by the EVOS Accurate estlmates of acute mortallty
resultlng from the EVOS are not avadable, but nearly 1,000 sea otter carcasses were
recovered m the months follpwmg the spill (Ballachey et al 1994) Estlmates of
carcass recovery rates ranged from 20% to 59% (DeGange et al 1994, Garshe1lS
1997), mdlcatlng mortallty of up to several thousand anImals (Ballachey et al 1994)
Sea otter mortality m areas where oil deposlnon was heaViest and persIStent was
nearly complete, and through at least 1997, sea otter numbers had not completely
recovered m those heavily oiled areas (Bodkm and Udevltz 1994, Dean et al 2000)
Long-term effects mc1ude reduced sea otter SUrvIval for at least a decade followmg
the spill (Monson et al 2000a), hkely a result of sublethal ollmg m 1989, chromc
exposure to reSidual oil m the years followmg the spill, and spill-related effects on
mvertebrate prey populanons (Ballachey et al 1994, Fukuyama et al 2000, Peterson
2000) As human populanons mcrease, exposure to acute and chromc
envrronmental contammants willl1kely mcrease Improved understandmg of the
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effects of contanunants on keystone specres, such as sea otters, may be valuable m
understandIng how and why ecosystems change

Human acbvIhes contnbute to sea otter mortalIty throughout the PacIfIc Run
InCIdental mortalIty occurs m the course of several commercIal fIshenes In
CalIforma, an eshmated annual take of 80 sea otters m gill and trammel nets, out of
a populahon numbenng about 2,000, lIkely contnbuted to a lack of populahon
growth dunng the 1980s (Wendell et al 1986) Developmg fIshenes and changmg
fIshIng technIques conhnue to present potenhal problems to recovenng sea otter
populahons In Alaska, sea otters are taken mcrdentally m gillnet, seme, and crab
trap fIshenes throughout the state, but total mortalIty has not been eshmated
(Rotterman and SImon-Jackson 1988) Alaska Nahves are permItted to harvest sea
otters for SubsIStence and handIcraft purposes The harvest IS largely unregulated
and exceeded 1,200 m 1993, WIth most of that from a few, relahvely small areas In
addIhon, an illegal harvest of unknown magmtude conhnues throughout much of
the geographIc range of sea otters

Sea otters occupy an Important, and well documented, posIhon as an upper
level predator m nearshore commuruhes of the North PacIfIc In contrast to most
marme mammals that are part of a plankton and fIsh trophIc web, sea otters rely
almost exclUSIvely on benthIc mvertebrates Because both sea otters and theIr prey
are resources

Relahvely httle work has been conducted m mveshgahng relahons between
those phYSICal and bIOlOgIcal attrIbutes that contnbute to vanahon m producbvIty
of nearshore marme mvertebrates, such as the clams, mussels, and crabs that sea
otters consume, and how that vanabIhty m produchvIty translates mto vanahon m
annual sea otter SUrvIVal GIven the observed vanahon m sea otter SurvIVal, and
the recogruzed role of food m regulahng sea otter populahons, understandIng these
relahons would proVIde some ernpmcal measure of the relahve contnbuhons of
"top-down" (predahon) versus "bottom-up" (pnmary producbon) factors m
structunng nearshore marme commuruhes relahvely sedentary, please corred
p..!~edmg~they mtegrate phYSICal and bIOlOgIcal attrIbutes of the ecosystem
over small spahal scales Further, both sea otters and theIr prey occur nearshore,
allowmg accurate and effICIent momtonng of sea otters, theIr prey, and phYSICal
and bIOlOgIcal ecosystem attrIbutes ThIS SUIte of factors offers a strong foundahon
for understandmg mechanISms, and mterachons among factors that regulate long
hved mammalIan populahons GIven that many populahons of large CarnIVorous
mammals are severely depleted worldWIde, such an understandmg would hkely be
broadly apphcable to conservahon and management of natural

3.11.3 General Research Questions

What are the factors responsIble for the declme of manne mammal populatIons?

• What IS the role of marme mammal predahon (consumphon) m structunng
theIr prey populahons (plankton, fIsh, and mammals)?
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• What IS the relaoon between abundance of manne mammal populaoons to
the availability and qualIty of prey speCIes?

• What IS the relaoon between abundance of manne mammal populaoons
and the removals of prey specIes by fIShmg?

• What IS the relaoon between reproducoon and abundance of manne
mammal populaoons and contanunant burdens?

• How does vanaoon m the amount of food produced affect the geograpluc
dIStnbuoons, fecundlhes and survIvals of manne mammal populaoons?

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

• Can availabilIty of food become hmIhng?

• Can predaoon, contamlnahon, human take, or dISease play trnportant roles
m structunng sea otter populaoons?

3121 Introduction3.12 General Research
Questions Orgaruzmg the research quesoons posed by

the mdlvtdual dISClplmes represented m tlus
chapter IS the frrst step m buildmg the

mterdIScIplmary team approach that GEM hopes to foster, as explamed m Chapter
6, Volume I Accordmgly, the general research quesoons have been orgaruzed to
emphasIZe the need for SCIentIsts from dIfferent d1scIplmes to work together to
understand how the GOA works As explamed more fully m the conceptual
foundaoon dIscuSSIon (Chapter 4, Volume IT), the GEM program IS to be built
around the quesoons of how mterannual and longer-penod trends m the
producoon and dIStnbuoon of valued manne 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

3122 General Research Questions

The followmg general research quesoons are organized under three major
lessons from the sCIenhftc background Aspects trnportant to detechng and
understandmg changes m all plant and antrnal spectes are covered here, although
not all specIes are menooned by name

3.12.2.1 The Importance ofWeather
Patterns m current structure, upwe11mgs and convergences, temperature,

sahmty, and densIty m the waters of the northern GOA are establIShed m response
to strong external meteorolOgical condloons affecbng the subarcoc region of the
North Pacrftc Ocean and through mteracoons 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?
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b Under what oceanograpluc conchbons are shelf edches 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 conchbons of strong or weak Aleuban Low pressure systems?

d How frequently are deep bottom waters m coastal fjords renewed, and how
IS thIS process related to chmate forcmg on seasonal, annual and longer
bmescales?

e Under what conchtlOns, where, and durmg wluch seasons are
oceanograpluc frontal regIons formed m the northern GOA? How are these
regIons affected by swmgs m the strength of the Aleuban Low Pressure
system?

3.12.2.2 The Importance ofNutnent Transport
Pnmary productIVIty m the euphotIc zone IS controlled by amounts and supply

rates of morgamc nutrIents The deep waters of the GOA contam some of the
lughest nutrIent concentratIons found anywhere However, the seasonally
permanent pycnoclme between 110 and 150 m generally restrIcts deep nuxmg and
access to thIS valuable pool

a How do shelf and coastal edches, frontal regIons and areas of upwellmg
and convergences affect the supply of morgamc nutrIents to the upper
layers under chfferent conchtIons of ocean chmate m the GOA?

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

c What role does the mput of fresh water along the northern coastlme play m
"supplymg nutrIents and mfluencmg recyc1mg from deeper waters? How IS

thIS role affected by varymg ocean cllffiate on seasonal, annual, and longer
bmescales?

dHow lffipOrtant 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 nutrIent resupply to the
surface waters m the fall to promote a fall plankton bloom?

f How does wrnter/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 churnal tIdes used to promote nutrIent resupply m
the surface waters at selected locatIons m the northern GOA?
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3.12.2.3 The .Importance ofPlankton Dynamics
In the northern GOA, open ocean and shelf/coastal plankton commumnes

dIffer m theIr specres composlnon and annual producnon By defuunon, deep and
shallow currents dIstnbute the plankton, and standmg stocks occurrmg at specrftc
bmes and places are the result of local producb.V1ty and the addlnon or dl1unon of
stocks by advecnon

a Under what phYSical condlnons and to what extent does the oceamc
plankton commumty mvade the shelf envIronment, mcludmg the coastal
and lllSlde 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 pnmary and secondary producnV1ty m
these regIOns phased through bme and mfluenced by the state of the
Aleunan Low?

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

d How IS the bme-varymg spanal dIstnbunon of the dommant zooplankton
reflected m seasonal, annual, and longer-penod patterns m eddy
formanon, frontal regions, convergences/mvergences, and cross-shelf and
along-shore flows?

e What are the mteracbng phYSical and bIOlOgical processes that establtsh
levels of recrmtment m plankton and nearshore bentluc commumnes? How
do these processes vary under dIfferent conmnons of the Aleunan Low
pressure system?

f How can the effects of human mfluences on the near-shore benthos be
dlSbngutshed from natural perturbanons?

3.12.2.4 The .Importance of TrophiC Dynamics
The transfer of energy m food webs (trophIc dynamtcs) supporbng fIShes,

bIrds, and mammals IS mfluenced by the composlnon of the forage and Its quahty
and availability The behavIOrs of forage species that result m seasonal
swarmmg/schoolmg or layenng proVide enhanced opportumnes for food web
transfers External factors lIke fIShmg, hunbng, and contammant levels may
slgmftcantly affect populanon structure and SIZe, thereby altenng food webs

a How does the species composlnon and quannty of small schoolmg fIShes m
shelf and coastal habitats reflect the state of the cyclmg ocean c1lmate m the
northern GOA?

b In what way do the conmnons that favor the concentranon of forage species
also favor theIr levels of producnvlty?
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0
c How do fluctuaoons m abundance and species composloon of forage stocks

and lugher level consumers reflect therr uruque Me lustory strategtes under
dtfferent conmoons of ocean chmate-wmter, sprmg, andsummer
spawners?

d How does mterspectftc compeooon for food resources among forage ftshes
affect therr dtstnbuoons and rates of producoon?

e How does the dtstnbuoon and abundance of forage species reflect losses to
predators?

f How do chmate-forced slufts m the spec1es composloon and abundance of
forage species control seabrrd populaoons?

g How can the mfluences of prey aval1abthty on seabrrd abundance be
separated from the effects of regtonal scale properoes uruque to colony
locaoons, hke glaCIers?

h What 18 the relaoonslup between commercial ftshmg and the abundance of
seabrrd populaoons?

I Do local trends m the abundance of murres and kttnwakes reflect
mesoscale or regtonal scale chmate and oceanograpluc processes affectlng
prey aval1abthty?

r'

0 J To what extent are ftsh, seabrrd, and mammal stocks affected by top down
\

mfluences, mcludmg ftshmg and other harvest pracoces?

k How 18 the recrmtment to ftsh and shellftsh stocks With pelagtc eggs and
larvae mfluenced by variable transport processes connectlng With nursery
areas?

I How do chmate-mfluenced transport mechanISms mfluence the
dtstnbuoons of the dnftmg larvae of benthIc populaoons relaove to
smtable settlement substrates?

m What Me lustory strategtes or other populaoon characteflSocs of
arrowtooth flounder cause thIS spec1es to be so abundant and Widespread?

n How well are the spec1es composloon, relaove abundance and tropluc
structure of ftsh and shellftsh commuruoes understood based on current
samplmg and analys18 procedures?

o How can long-term trends m salmon producoon be explamed by chmate
mduced changes m ocean producoVlty and varmoons m ftshmg?

p How 18 salmon productlon controlled by ecologtcal processes m the ocean?
How can mmVldual stocks be Identlfted?

q How vanable 18 the ocean growth, ffilgratory tlffilng and dtstnbuoon of
salmon, and how 18 thIS related to aspects of ocean c1lmate?
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r What are the arnlUalleve1s of ocean producbon of salmon by regIOn of
ongm?

sHow 18 the abundance and dl8tnbuhon of manne mammals related to the
availability of forage stocks?

t How 18 he abundance of manne mammal populahons related to the
removals of prey by fIShIng?

u How 18 the abundance of manne mammal populahons related to the body
burden of manne contammants?

v WInch We hIStory stages of fIShes, seabIrds and manne mammals are most
at rl8k to clImate change and whtch to human mfluences?
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) 4. CONCEPTUAL FOUNDATION

In TIns Chapter

~ Explananon and role of the conceptual foundanon

~ Descnpnon of leadmg GOA hypotheses

~ IdenbfIcanon and mteracnon of pnncipal marme ecological concepts

~ Descnpnon of the central hypothesIS and quesnon

The conceptual foundanon IS a workIng model,
4.1 Introduction summed up m the fonn of a hypothesIS and

quesnon, of how the marme ecosystems m the
GOA produce bIOlOgical resources The conceptual foundanon does not provIde a
specIfIc testable hypothesIs for ecosystem change because domg so IDlght lead to
takmg too narrow a VIew of the system m the face of tremendous uncertamty about
sources of long-tenn changes Instead, thIS chapter reVIews some basIC
assumpnons about producnon m the oceans, presents a number of hypotheses
about how vanous natural and human forces mteract to cause change, dIScusses
the changes m forcmg and ecosystem components m vanous habItat types and
regions m the northern GOA and then presents an overarchmg hypothesIS about
sources of change- the central hypothesIS and quesnons Through synthesIS and
further InsIght from ongomg programs, ill hme a conceptual model for the
program may eventually be specIfI,ed ThIS model should be broad and robust
enough to be tested by the momtonng and research program and then accepted,
modIfIed, or eventually rejected WIthout makmg the underlymg data streams
Irrelevant to the contracnon of a clearer pIcture of sources of change to the
ecosystem

ThIS chapter addresses the followmg tOpICS

1 The role of the conceptual foundanon m the GEM program

2 Current hypotheses about how muln-annual and muln-decadal changes m
natural and human use factors may produce long-tenn changes m
populanons of valued antmals

3 Some pnncipal ecolOgical concepts of marme ecosystems that explam
generally how natural forces and human acnV1nes affect populanons of
organISms and bIOdIversIty m marme ecosystems
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The conceptual foundation
focuses on how the marine

ecosystem In the GOA works

4 Partlcular cond1nons m the GOA that appear to affect ecosystem
producnon patterns across hab1tats-from the coastal watersheds to the
central GOA Examples of these
cond1nons are large mputs of
nutnent-poor fresh water, strong
annosphenc low pressure m
wmter, perslStent coastal
downwellmg, and the presence of
gyres and edd1es

4.2 Role of the
Conceptual foundation
mGEM

~)

5 ReglOnal ecological dtfferences, such as those between PWS and Lower
Cook Inlet, wmch may anse as a result of local dtfferences m the mteracnon
between phys1cal forces (ndes, wmds, and currents), geography,
oceanography, and human acnV1nes

6 The conceptual foundanon summanzed m a central hypotheslS and
quesnon, apphed across four hab1tat types

The conceptual foundanon carnes the mformanon
m the ffilSS10n, goals, and hlStoncal record
forward mto the other GEM program elements
and acnV1nes (F1gure 41) Bmldmg on the
ffilSSlOn and goals estabhshed by the Trustee

Council, the foundanon encapsulates the Trustee Councl1's understandmg of how
the GOA operates as an ecolOgical system and how 1ts blOlogIcal resources,
mcludmg mghly valued populanons of an1ffials, are regulated Therefore, the
conceptual foundanon 18 at the phllosopmcal and screntIfJ.c center of the GEM
program

The conceptual foundanon 18 the product of ongomg syntheslS and modehng, the
latest sC1entIfJ.c mformanon, and an assessment of leadmg ecolOgical hypotheses
The central hypotheslS and quesnon summanze the current understandmg of what
controls changes m producnv1nes of blOlogIcal resources The conceptual
foundanon 18 not mtended to be stanc, 1t will change as the understandmg of the
GOA marme ecosystem changes and will better reflect the reahnes of nature and
the role humans play m the ecosystem Therefore, the conceptual foundapon 18 an
mtegral element m the adapnve management of the GEM program and m marme
SC1ence

In summanzmg these 1deas, the conceptual foundanon prov1des a model of
reahty Tesnng thlS model requITes frammg the hypotheses and quesnons that are
the foundanon for any momtonng and research program The mte11ectual
framework of the GEM program 18 a merarchy composed of a central hypotheslS
and quesnon related to hab1tat types, specrftc quesnons for each hab1tat type, and
ulb.mately, testable hypotheses based on the spectf1c quesnons
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Figure 4 1 Selecting mOnitorIng elements starts with the miSSion and goals
established by the Trustee Council as expressed In the conceptual foundation,
which IS regularly updated by new information from a vanety of sources



4.3 Some Leading
Hypotheses
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In the sectlon that follows, a number of
spectftc hypotheses about how natural forces and
human achVlhes control bIOlogIcal produchvlty
are descnbed These have been advanced m the

sCIenttftc lIterature (see Chapter 3, Volume II)

4 3 1 Match-Mismatch HypothesIs

The essence of the match-ffilSmatch hypothesIS IS as follows

• Populahons of orgamsms are adapted to certam envIronmental condlhons

• When those conmhons change rapIdly, predator and prey populahons may
not track m the same way

• As a result, transfer of energy mto the hIgher levels of the food web IS
comproIDlsed

ThIS hypothesIS has been proposed by Mackas to explam changes m produchon
With the slow shIft to earlIer emergence of Neocalanus copepods at Ocean Stahon 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 hIDe senes of small-mesh trawl samplIng around KodIak Island and the
Alaska Penmsula (Anderson and Piatt 1999)

4.3.2 Pelagic-Benthic Split

EslInger et al (2001) suggested that strong Inshore blooms of spnng
phytoplankton that occur m conmhons of strong strattftcahon put more bIOlOgIcal
produchon mto the benthIc ecosystem, m contrast to weaker, but more prolonged
blooms, that occur m cool and wmdy growmg seasons Under the latter conmhons,
It has been proposed that bIOlOgIcal produchon IS more effiCIently used by the
pelagIC ecosystem and that relahvely less of the produchon reaches the benthos It
IS conceIvable that durmg a senes of years m whIch one condlhon IS much more
prevalent than the other, food IDlght be reallocated between pelagIc-feedmg and
benthIc-feedmg speCIes Or strong year classes of parncular long-lIved specIes

I

IDlght result either from conmhons of strong strattftcahon causmg more bIOlOgIcal
produchon or weaker blooms, leadmg to dOIDInance of the system by certam SUItes
of specIes

4 3 3 Optimum Stability Wmdow HypothesIs

Gargett (1997) proposed that there IS a pomt m the range of water stability
below whIch water IS too easily mIXed downward, resulhng m less than maxImum
produchvlty, and above whIch the water IS strattfted to the extent that It resISts
wmd IDlXlllg Gargett proposed that the fluctuahng dIfferences m salmon
produchon between the CalIforma Current and subarchc gyre dOmaIns are
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ultImately the result of these two systems bemg on dIfferent parts of tlus response

~ curve at dIfferent tImes

43.4 PhySiological Performance and Limits HypothesIs

A number of explananons for long-term change more SImply propose that the
abundance of certam speaes, mamly fIsh, IS a drrect response to theIr physIOlogIcal
performance m dIfferent temperatures Under tlus hypothesIs, the changes m
dommance of cod-lIke fIshes and crustaceans that were seen m eastern Canada
around 1990 and m the northern GOA around 1978 were Inlnally 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 acbng on physIOlogIcal funcnons of mdIvIduals, m
addInon to the combmed effects of freshwater mput, wmds, and temperature on
ecologIcal processes

(J

I

"----./

4 3.5 Food Quality HypothesIs

The food qUalIty hypothesIS IS also referred to as the JUI1k food hypothesIS It
attrIbutes declmes 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 speaes that have low energy content (less hpId) than preVIOUS food
sources (for example, gadIds and flatftshes) COnsIStent WIth thIs hypothesIS IS
eVIdence from the Trustee Counal's APEX program, whIch showed that It takes
about twIce as much herrmg as pollock to ralSe a kItbwake chIck to fledgmg dunng
the nesbng season WIth the relanve ranty of capelm and sand lance m the dIets of
seabIrds m PWS dunng the last several decades, It seems that many of the
populanon declmes mIght be at least parbally attrIbutable to the role of these fatty
fIsh m seabIrd dIets The change m food sources has been advanced for marme
mammal populanons that have been m declme

4.3 6 Fluctuatmg Inshore and Offshore Production Regimes
HypothesIs

The GEM plan proVIdes the frrst presentanon of the model COnsISbng of
fluctuabng Inshore and offshore producnon regtrnes Although tlus model IS
closely related to the Gargett hypothesIS of an optlmum stability wmdow, It
proposes that under the same set of atmosphenc forcmg condInons OppOSIte
producnon effects are seen Inshore and offshore FIgure 4 2 illustrates some
features of tlus model

FIGURE 4 2 IS a senes of fIgures illustrabng the components of the J Allen
"Gulf Ecosystem" fIgure Bob SpIes will IdentIfy the fIgures
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The model was developed as a result of observrng dunng the last several
decades that populanons of many seabIrds, harbor seals, and sea hons, wluch
forage mamIy m mshore waters, have been declmmg wlule marme SUrvIVal of
salmon and lugh levels of offshore plankton and nekton suggested that offshore
producnVlty was very lugh It IS proposed that the VarIOUS mamfestanons of
chmate forcmg have combmed smce about 1978 (posinve PacIfIc Decadal
Oscillanon [PDO]) to make the ocean more producnve offshore CharacteflSncs of
the offshore ocean mc1ude more upwelling of deep nutnents and a nuxed surface
layer that IS shallower and more producnve These same chmanc condinons are
proposed to have made the mshore areas of the GOA less producnve Durmg the
posinve PDO, greater freshwater supply (precipitanon on the ocean and terrestnal
runoff) results m greater-than-opbmal nearshore strabfIcanon Also, durmg the
posinve PDO, greater wmds cannot overcome the strabfIcanon durmg the growmg
season, but do mhIbit the relaxanon of downwelhng Therefore, fewer nutnents
are supphed to the mshore regtme from the annual run up of deep water onto the
shelf Durmg a neganve PDO, the OppOSIte pattern m bIOlOgical response results
from a colder, less wmdy, and dner IDaribIDe c1IIDate

437 Incremental Degradation HypotheSIS

Marme enVIronments around urbaruzed areas (such as Los Angeles, Puget
Sound, Boston Harbor, San FrancISCo Bay, and New York BIght) and watershed
systems (ColumbIa RIver Basm and San Joaqum RIver) have lughly altered
ecosystems that contam mvaslVe exonc specres, mmVlduals Imparred by
contammanon, and fIsh populanons that have been lughly altered by the combmed
effects of VarIOUS human alteranons Although much of tlus degradanon took
place before pohcres for a sustamable natural enVIronment were m place, It appears
that thIs degradanon occurred through a long penod of bIDe and as a result of the
combmed Impacts of many dIfferent human acnVlnes To tlus day, no regional
programs track the combmed Impacts of all human acnVInes

Producnon at the base of the food web, referred to
as pnmary producUvity and strongly mfluenced
by phYSICal forces, ulbIDately determmes
ecosystem producUVlty However, the abundance

of any parbcu1ar populanon depends on three thmgs lIDIDediate food supply
(prey), removals (mortahty), and habItat

u
218

All anIIDa1s and plants m the oceans ulbmately rely on energy from the sun or,
m some SpecIal cases, on chemIcal energy from Withm the earth The amount of
solar energy converted to hvmg matenal determmes the level of ecosystem
producnon (total amount of hvmg matenal and at what rate It IS produced) As a
rule of thumb, populanons of mdividual speCIes (such as salmon, herrmg and
harbor seals) cannot exceed about 10% of the bIOmasS of theIr prey populanons
(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
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tlus matenal as food and energy to each specres are key factors mfluencmg
reproducnon, growth and death m specres of concern Increases m prey, WIth other
factors such as habItat bemg equal, generally allow populabons to mcrease through
growth and reproducbon of mmvidual members At the same bme, there are
factors that lead to decreases m populabons-decreases m suItable habItat, decreases
m growth and reproducbon, and mcreases m the rate of removal (death) of
mmviduals from the populabon As a result, the combmed effects of natural forces
and human acbVIbes that determme food supply (bottom-up forces), habItat
(bottom-up and top-down forces), and removals (top-down forces) determme the
SIZe of the populabon of any anImals of concern by controllmg reproducbon,
growth, and death

4.4.1 PhySical Forcmg and Primary Production

The vast rnaJonty of the energy that supports ecosystems m the GOA comes
from capture, or fIxabon, of solar energy m the surface waters How much of tlus
energy 18 captured by plants m the ocean's surface layer and watersheds and
passed on ulbmately determmes how much bIOmass and producbon 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 (pnmary
producbon) depends on several mteracbng forces and condibons that vary wIdely
from place to place, season to season, and year to year as well as between decades
Needless to say, Without a clear understandIng of how these changes occur, It will
not be pOSSIble to understand the most Important aspects of ecolOgical change m
the GOA The process of captunng solar energy 18 explamed below

FIrst, m the ocean, pnmary producnon occurs only m the relabvely shallow
phobc zone m wruch sunlIght penetrates (a few hundred feet) In watersheds,
cloud cover and shadIng playa larger role m vanability of producnvity Second,
plants that fIx tlus energy, by usmg It to make SImple sugars out of carbon dIOXIde
and water, depend on nutnents wruch are absorbed by the plants as they grow and
reproduce Solar energy that 18 not captured by plants m the ocean warms the
surface waters, makmg It less dense than the water beneath the phobc zone, wruch
causes layenng of the water masses A conbnuous supply of nutnents to the
surface waters 18 necessary to mamtam plant producbon LIkeWISe, terrestnal
plants depend on nutnents carned from the ocean by anadromous fISh Because
the deep water of the GOA 18 the mam reservOIr of nutnents for shallow waters,
and apparently also an Important source for watersheds, the processes that bnng
nutnents to the surface and mto the watersheds are key to understandmg pnmary,
and, therefore, ecosystem producbvity Changes m nutnent supply on bme scales
of days to decades and space scales from kllometers to hundreds of kllometers have
Important Impacts on pnmary producnon, generabng perhaps as much as a
thousand-fold chfference m the amount of solar energy that 18 captured by the
hvmg ecosystem Nutnent supply from the deep water 18 mfluenced by the
propemes of the shallower water above (mamly because of the decreasmg densIty
of the water toward the surface) Nutnent supply 18 also mfluenced by phYSICal
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forces that can overcome the densIty dIfferences between deep and shallow water
namely, wmd acbng on the water surface and tIdal nuxmg For watersheds,
nutrIent supply apparently depends strongly on bIolOgIcal transport of marme
rntrogen by salmon, whIch me and release theIr nutrIents m freshwater

As demonstrated m the saentIfIc background m Chapter 3, Volume II, the
knowledge of nutrIent supply m the GOA, both how It occurs and how It may be
changed on multI-year and multI-decadal scales, IS very rudImentary As the
energy of the wmd and tIdes mIXes surface and deeper water, It not only brmgs
nutrIents to the surface layers, but also mIXes algae that fIx the solar energy down
and out of the photIc zone, whIch tends to decrease pnmary productIon
Therefore, other factors bemg equal, conbnuous hIgh pnmary productIon m the
sprmg-summer growmg season IS a balance between enough wmd and tIdal
nuxmg to brmg new nutrIents to the surface, but not so much wmd or tIdal nuxmg
that would send algal populatIons to deep water The seasonal changes m
downwellmg, solar energy, and water stratIfIcatIon that set up the annual plankton
bloom are descnbed m SectIon 3 6, Volume II, of the saentIfIc background As
noted m that sectIon, however, It IS not well understood how dIfferences m
phYSICal forces from year to year and decade to decade change prImary productIon
many-fold m any partIcular place

4 4.2 Food, Habitat, and Removals

Increases m lffiffiemate food supply (prey) will translate to populatIon mcrease,
all other factors bemg equal The allocatIon of energy m each mmVldualIS key to
growth of the populatIon It belongs to Food supply IS converted mto populatIon
bIomass through growth and reproductIon of mmvIduals m specIfIc favorable
habItats Therefore, factors m the habItat such as water temperature, dIStrIbutIon of
prey, and contammants that can mfluence the allocatIon of food energy to the
followmg actIVItIes will mfluence the populatIon SIZe chasmg and capturmg prey,
mamtammg body temperature (for homeotherms), growth, and reproductIon

Removals are all the processes that result m loss of mmvIduals from the
populatIon, or mortalIty These processes mclude death from contammatIon,
human harvest, predatIon, dISease, and competItIon For example, harvest of a
large proportIon of the largest and most fecund fISh m a populatIon will soon
decrease the populatIon, as will a vIrulent VIrUS or the appearance of a voraaous
predator m large numbers

Also mc1uded under the category of removals IS any factor that negatIvely
affects growth or reproductIve rate of mmvIduals, 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 reparrs,
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• Interfermg WIth molecular receptors that are part of the regulatory
machInery for energy allocabon,

• Damagmg nnmune systems that make dISease more hkely, and

• OutrIght killmg of organISms at lugh concentrabons

HabItats m marme and freshwater enVIronments are ulbmately controlled by
temperature and salmIty, as modIfIed by many other bIological, phYSICal and
chemIcal factors BasIC phYSIOlOgical funcbons such as respIrabon and assImIlabon
of nutrIents from food occur only WIthIn certam boundanes of temperature and
salmIty As stated m 5ecbon[] a number of hypotheses on the ongIfiS of long
term change relate the abundance of certam aquabc specIes to theIr phySIOlOgical
performance m dIfferent temperatures For example, changes m dommance of cod
hke ftshes and crustaceans m eastern Canada around 1990 and m the northern
GOA around 1978 were explarned as poslbve responses of gadlds to mcreasmgly
warm temperatures Usmg the same reasonmg, the ascendancy of crustaceans such
as shnmp m the GOA m the 1950s and 1960s, and m eastern Canada durmg the
1990s, have been attnbuted to coolmg water temperatures

On the basIS of the fIrst prmclples of phySICS, chemIStry, and bIOlogy,
temperature and salmIty must be agents of change m }nologIcal resources through
effects relabng to phYSIOlOgical funcbons m mdlvldual plants and anImals Effects
on mdIviduals add to the combmed effects of freshwater mput, wmds, and

'--) temperature on ecological processes

4.5.1 From Watersheds to
the Central Gulf

4.5 Interactions of
Principal Ecological
Concepts by Habitat These ecolOgical concepts can be apphed

dIrectly to the GOA ecosystem to show how the
system and Its plant and anImal populabons are

controlled Total annual pnmary producbVlty, natural controls on populabons,
and human acbVlbes change from the edge of the watershed to the central GOA
These changes are related to the phYSICal processes and geograpluc features
depIcted m FIgure 4 3, a cross secbon of the GOA from the top of the eastern
rmgmg mountams out past the conbnental shelf slope Some key bIOlOgical
features are also depIcted m thts fIgure
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Figure 4.3 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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4 4 2 Watersheds
I

~) Watersheds are lmked by geochenucal cycles and common cltmabc forcmg to
the marme ecosystem Input of terrestnal carbon contnbutes to the carbon budget
of the oceans In addIbon, the mcorporabon of carbon dIoXIde by marme plants
acts as a pump that potenbally sequesters amounts of carbon for long penods of
bIDe m the oceans

4.5.2.1 PhysicalForcing and Primary Production
Pnmary natural forces are preclpltabon and msolabon Watersheds depend on

lffipOrt of marme nutnents by anadromous ftsh and other antmals Therefore,
mamtenance of healthy salmon runs and populabons of terrestnal antmals that
feed m the nearshore marme enVlfonment 18 key to healthy watershed ecosystems
Woody debns and vegetabon from land are also tmported to the marme
envrronment, proVldmg a carbon source and habitat for some species The
common effects of cllffiate also lmk these two systems Fresh water from coastal
watersheds contnbutes huge amounts of fresh water to the GOA and makes r

possible the ACC-the smgle most dommant and mtegrabng feature of the phYSical
envrronment on the conbnental shelf

4.5.2.2 Food, HabitatandRemovals of Valued Species
Human acbvlbes m the watersheds that remove natural vegetabon can result m

SOll eroslOn and Its attendant effects on stream and coastal marme Me Fresh water
can carry contammants to the marme enVlfonment Sources of these contammants
can be of local ongm-sewage and sepbc wastes, mdustnal and military wastes,
motor vehicles, and Oll from spills-or tmported from d18tant sources and carned
across the Pactftc Ocean by atmosphenc processes

45.3 Intertidal and Subbdal
The mtertldal and subbdal-or nearshore-area 18 techrucally 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 tmportance and vulnerability of the
mtertldal and shallow subbdal areas and the dependence of so many valued
species on nearshore habitat, It 18 treated here separately from the ACC

4.5.3.1 PhYSicalForcing and Primary Production
The producbvlty of mtertldal and subbdal marme commumbes depends on both
ftxed algae and some other vascular plants m shallow water, as well as free-floabng
phytoplankton Nutnent supply to ftxed plants 18 not well charactenzed, but
presumably 18 controlled by oceanographic processes and seasonal cycles of water
turnover on the mner shelf as well as some contnbubons from stream runoff Thts
process of nutnent supply 18 essenbally the same as for nearshore phytoplankton
Ulbmate1y, as menboned m Secbon 35, Volume II, 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 cnbcal to growth of both ftxed and floabng
nearshore algae The nearshore waters can be depleted of nutnents durmg the
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growmg season If the warm surface layers where pnmary produchvlty 18 drawmg
down nutrIents 18 not llliXed wIth deeper waters by wmd and hdal achon Wlthm
season vanabthty m pnmary produchon, 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 hdal nuxmg

Ooud cover also 18 hkely to be very tmportant m regulahng the amount of solar
energy reachmg the ocean surface Nearshore turbulence, wmch 18 the result of the
prevailing cltmate and hdal achon, promotes the growth of algae and
phytoplankton. These plants are the food supphes for ftlter-feedmg molluscs, such
as clams and mussels, that are tmportant sources of food for a vanety of nearshore
antmals, such as sea otters and sea ducks Otmate also drrectly affects mterhdal
and subhdal antmals through changes of temperature, water salmtty, and Ice
formahon Ice formahon 18 an tmportant source of mortahty and reduced growth
of mterhdal algae and some antmal populahons m some sltuahons It 18 suspected
that bottom-up forcmg through vanabthty of pnmary produchon 18 an tmportant
mfluence on mterhdal mvertebrate commumhes on the scale of decades, but there
are no long-term data sets to examme tills supposlhon If wave achon 18 too
mtense, It can hmlt populahon growth, for example, waves durmg storms often
throw large amounts of herrmg eggs (embryos) onto the beach where they dIe

In addthon to these natural factors, human achvlhes m the mterhdal and
subhdal area and human aCCldental releases of tOXlC matenals have the potenhal to
affect nearshore prtmary produchon At the present hme, It appears that the
mfluences of natural forces on basm and regIOnal scales m nearshore ecosystem
produchvlty are overwhehnmg and that human mfluences are neghgtble, except m
local areas (such as harbor contammahon)

4.5.3.2 Food, HabitatandRemovals of Valued Species
A large number of mterhdal and subhdal antmal populahons respond to both

bottom-up and top-down natural forcmg as well as to human achVlhes Bottom-up
forang appears to have more documented effects on such populahons as herrmg,
pollock, shnmp, crab, salmon, and seabrrds than have been documented for
mfaunal and mterhdal antmals There are good examples of populahon controls by
removals (top-down mfluences) and many of these relahonsmps, such as that
between sea urcmns and otters, are CIted m Sechon 3 7, Volume II D1sease poSSIbly
mfluences some populahons, such as Viral Hemorrhagzc Septlcemta vrrus effects on
PacJ.flc herrmg m PWS

\The mterhdal and subhdal benthos 18 parhcillarly vulnerable to human use
through harveshng of vanous mvertebrates, tramphng, release of contammants,
road and home construchon, and sou erOSlOn At the present hme, tmpacts of such
achVlhes appear to be localIZed because of the dISpersed nature of human achVlhes
along the vast coastlme of the northern GOA The nearshore senhnel populahons
may need to be momtored more closely, however, as Alaska's populahon and use
of the nearshore zone expands m the future
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454 Alaska Coastal Current

As noted above, the domam of the ACe m many cases starts at the shorelme
and extends out to a frontal area several tens of ktlometers onto the contmental
shelf The mshore boundary of tlus current system IS not precISely defmed m tlus
subsechon because the nearshore aspects of the ecosystem have been covered
above

4.5.4.1 Physical Forcing andPrimary Production
Because the ACC IS a buoyant, low-sahruty, eastern boundary current fed

essenhally by a lme-source of fresh water along the length of the Alaska coastlme, It
offers a uruque opporturuty to study basm-scale physIcal forcmg of bIological
produchon Although one characteflShc of the ACC IS the draw-down of nutrIents
durmg the growmg season to levels that are undetectable, the m-season varrnbIhty,
clearly drIven by patterns m the aforemenhoned wmd ffilXffig, IS very sigrufIcant
A prOlnISmg model developed by Eslmger et al (2001) IS capable of trackmg the m
season varIabIhty of plankton produchon based on the phYSICal characterIShcs of
the water column and the wmd fIeld The extent to whIch patterns of seasonal
wmd ffilXffig are the major contrIbutors to longer-term varrnbIhty m pnmary
produchvity IS not clear Tidal ffilXmg hkely contrIbutes to vanabilIty, as do other
potenhal mechanlSIns that transport deep-water nutrIents mto shallow waters, for
example, late-summer relaxahon of Ekman transport and up-canyon currents

/ \ Annual vanabilIty of nutrIent supply hkely has a great mfluence on long-term
\ ~~ vanabilIty m pnmary produchon For example, tlus mfluence would be COnsIStent

WIth the relahonshIp between the Bakun upwe11mg mdex and pmk salmon marme
SurvIVal rates up to 1990 (see Sechon 36, Volume II) 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 produchon m
the water column IS eddIes EddIes have been documented m Shehkof Strait, for
example, and greatly mfluence retenhon of larval pollock m a favorable
enVIronment Beyond theu study m the FOG program, not much IS known
generally about eddIes m the ACC and theu bIOlOgical mfluences There are also
eddIes m Kachemak Bay, some of whIch are strahfted at the surface by freshwater
mputs that may s1ffi11arly benefIt pelagiC speCIes there and off Kayak Island
southeast of PWS The southerly and easterly wmds that predommate durmg most
of the year dnve offshore water Inshore (Via Ekman transport), carrymg offshore
planktonIC organlSIns close to shore and proVldmg potenhal sources of food for
nearshore organlSIns, such as Juvem1e pmk salmon

Fmally, the outer edge of the ACC often forIns a front WIth the water masses
seaward of It ThIS front IS charactenzed by strong convergence of offshore and
mshore water masses and sigrufIcant downward water velOCIhes It appears at
hIDes to concentrate plankton, nekton, fISh, and buds, and IS probably an Important

J SIte for trophIc mterachons
\ ./
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4.5.4.2 Food, Habitat andRemovals of Valued Species
Many of the types of natural and human actrvltres that affect the nearshore

species apply also to the ACC TIus surularlty 15 due m part to the fact that many
species cross between the nearshore enVlfonment and deeper waters Bottom-up
forcmg appears to be of great tmportance, because areas of the ACC With htgh
levels of chlorophyll a durmg the growmg season and vigorous verhca11IUX1Il.g,
such as Lower Cook Inlet, also support large populatrons of ftsh, seabrrds and
marme mammals The ACC 15 the mam domam of the GOA for the productrve
flShenes for both pelagic and benthic species Consequently, human acb.vltres are
potentra11y a qwte large aspect of removals Other poSSible human tmpacts mclude
contammants and long-term global warmmg

4 5 5 Offshore: Alaska Current and the Subarctic Gyre

4.5.5.1 PhYSicalForcing andPrimary Production
In the offshore areas of the Alaska Current and the subarctrc gyre, forcmg by

wmds assoClated With the Aleutran Low pressure system have a profound effect on
producb.on and shoreward transport of plankton Producb.on and shoreward
transport of plankton are determmed by the followmg

• Upwellmg at the center of the subarcb.c gyre,

•

•

Depth of the rruxed layer (freshwater and solar energy mput set up the
rruxed surface layer where pnmary producb.on takes place),

Poss~ble upwellmg of nutnents along the contrnental slope and at the shelf
break where the shelf break front may drrect upwelled water toward the
surface, and

• Formatron of eddies along the shelf break that may mcubate plankton m a
favorable enVlfonment for producb.on and be mechanlSffiS of exchange
between offshore and shelf water masses IndiVidual eddies may perslSt for
months and are therefore potentra11y tmportant m anyone growmg season

The contrasts m bIOlOgical producb.on and shoreward transport of plankton
between mtense and relaxed Aleutran Low pressure conditions m the Alaska
Current region and the subarctrc gyre are profound In penods With more negatrve
atmosphenc pressure that 15 keyed by the northeastern movement of the ALP mto
the GOA m wmter, the followmg mterrelated phySical changes are observed

Io

•

•

•

Acceleratron of the eyc10mc motron of the Alaska Current and subarchc
gyre,

Increased upwellmg m the mtddle of the subarcb.c gyre (and pOSSibly along
the contrnental shelf),

Entramment of more of the west wmd dnft (southerly portron of the
subarctrc gyre) northward mto the GOA, rather than mto the Caltforma
Current system,
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• Warmer surface-water temperatures and mcreased precrpltatIon 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 1S that the sprmg plankton
produchon 1S hkely hIgher (remember th(lt nutrIents may not be hmltmg m
the subarchc 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 1S aval1able for the &sh that feed on plankton and nekton, such
as salmon

• Salmon populatIons track mean ahnosphenc pressure for the wmtertlme
sea surface on scales of decades

In addItIon to the multI-decadal oscillatIons of ahnosphenc pressure, chmate
changes mamfested m the northern GOA also mclude penodIc E1 Nmos and the
long-term warmmg of the oceans E1 Nmos have been assoClated Wlth successful
recrwhnent of a senes of ground&sh spec1es, such as pollock, as well as some dIe
off of seabrrds Because the E1 Nmo phenomenon appears to be mamfested solely
m warmmg of the upper 200 m of the ocean, Its bIOlOgical effects are probably
medIated through water strat1f:IcatIon and Its relatIonshIp to pnmary productIon
and growth of larval &sh

4.5.5.2 Food, Habitat andRemovals of Valued Species
The Alaska Current 1S centered over the shelf break, an area of hIgh bIolOgical

achVlty The hIgh concentratIons of plankton observed at the shelf break, whether
they result from accumulatIon of plankton ongtnatmg further offshore, m SItu
produchon, or both, proVlde a nch resource for a varIety of organISms and therr
predators It 1S not clear that JUvemle salmon feed m thIS regtrne, but adults of all
specIes certamly do Other promment organISms mclude sableflSh, myctophIds
(lantern &sh), sea hons, some seabrrds, and whales Well-developed benthlc
commumtIes eXlSt on the outer shelf, shelf break, and contmental slope, mcludmg
commerCIally explOIted populatIons of shnmp, crab, cod, hahbut, and pollock
Some &shmg achVltIes, such as bottom trawhng, have the polenbal to do habItat
damage and pOSSIbly hmlt populatIons of antmals assocIated WIth the sea bottom
Issues asSOCiated Wlth the balance between productIon and removals of
commercrally lffipOrtant SpecIes are of the uhnost sOCletallffiportance m Alaska
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and further ecologIcal mformanon, modelmg, and syntheslS centered on the Alaska
Current regtrne 15 necessary

In general, regIonal dIfferences m populanons
of flShes, bIrds, and marme mammals m the
northern GOA are well known, but the underlymg
mteracnng ecologIcal factors that gIve nse to these
dIfferences are not as well understood In thlS
secb.on, some of the observed regIonal dIfferences
and some potennal reasons underlymg them are

advanced These explananons of regIonal dIfferences are based on mcomplete or
pIecemeal eVIdence, but thlS speculanon 15 Important because It may lead to further
study and analyslS and to new understandmg Comparanve analySlS of mteracnng
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 relanon to seabIrds (SectIon 39, Volume II) Because there 15 so
much homogeneIty m the ACC, m parncular, 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 expenments m the same body of water

One of the most promment regIonal contrasts 15 the dIfferent levels of
ecosystem prodUcb.VIty apparent m lower Cook Inlet and PWS It 15 relanvely clear
from satellite measurements of surface-water chlorophyll a and the large
populanons of forage fIshes, seabIrds, and marme mammals that occur there that
the lower Cook Inlet area 15 extremely producnve m the summer growmg season
relanve to PWS Satellite data for the sea surface temperatures mdIcate that cold
deep water, whIch 15 presumably also nch m plant nutrIents, 15 on the surface
whenever Images are avaIlable, and m satellite Images taken at the same hmes,
PWS appears to have warmer surface water The strong ffilXIDg that bnngs deeper
water to the surface m thlS area 15 probably largely ndal m nature VIgorOUS
ffilXIDg IS encouraged by

• The local geography and oceanography, such as the large nde range,

• The large volume of water that 15 exchanged WIth each ndal cycle, and

• The narrow entrances to outer Cook Inlet relanve 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 flSh abundance and seabIrd populanons
at Gull Island on the eastern SIde and ChIsIk Island on the western SIde proVIde an
mteresnng contrast that strongly suggests phYSICal forcmg on seabIrd populanons
At Gull Island, populanons of all major seabIrds have been mcreasmg dunng the
last 20 years, and at ChIsIk Island the OppOSIte trend has occurred ThlS dIfference
appears to be caused by marme-mfluenced condInons near Gull Island where the
food web probably has much greater access to deep-water nutrIent sources At
ChIsIk Island, however, the system 15 strongly mfluenced by nutrIent-poor, silty
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/ ' freshwater runoff from the major glacral nvers of northern Cook Inlet, and only
\J meager populabons of forage ftsh eXISt WIthm the foragmg range of most SpeCies

It appears that WIth a warmer chmate and more runoff, the dynamlc balance
between fresher water commg down the western Side of Cook Inlet and salber
offshore water entenng Stevenson and Kennedy entrances has been sh1fted to make
Ch1slk Island less producbve and Gull Island more producbve EddIes, wmch have
been known to eXISt for some bme near Gull Island m Kachemak Bay, have recently
been shown to provide a less-dense surface lens m wmch forage ftsh favorable to
seabrrds reSide

Another example of regional dIfferences m geography and phYSical forcmg
shapmg lffipOrtant dIfferences m ecolOgical producbon 18 the eddy system m
Shellkof Strait As menboned above, thlS system has been extensively explored and
modeled dunng the FOG program ThlS eddy system retaIns larval pollock m
re1abvely favorable condlbons for growth and allows them to eventually contnbute
to the lffiportant pollock ftshery m the northern Gulf

The Trustee Council's SEA program, hatchery producbon records, and other
studIes, such as those carned out on kltbwake reproducbon, have demonstrated
lffipOrtant subregional ecolOgical dlfferences between northern and sQuthern PWS
as well as eastern and western PWS

The pattern of some dIfferences may have changed on a decadal scale The
followmg regional dIfferences are apparent m PWS

•

•

•

•

ReSidence bme of water m dIfferent porbons of PWS, With longer reSidence
bme m the northern porbons of the sound that have more restncted water
crrcu1abon,

Degree of mcurSlOn of the ACC mto the sound, wmch appears to vary
annually,

GlaCial runoff, wmch IS greater m the north and east, and

Extent of subbdal habitat, wmch 18 greater m the eastern porbons of PWS

4.7 Central HypotheSIS

and Questions by 4 7 1 Central Hypothesis
Habitat Type

Natural forces and human achvlftes worktng overglobal to
local scales bnng about short term and long lasttng changes In the
btologtcal commumtles that support bIrds, f'sh, shellfish and
mammals Natural forces and human acttVltleS bnng about change
by altenng relatIonshIps among deflmng charactensftcs ofhabItats
and ecosystems such as heat and salt dlstnbutlon, InsolatIon,

Io
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The central hypothesIS states WIdely held behefs about what dnves changes m
hvmg marme-related resources m hrne and space SpecrfIc mechanISms that cause
change are largely untested However, current speculahons, supported by hmtted
observahons, are that forcmg by wmds, precIpItahon, predahon, currents, natural
compehtors for food and habItat, flShenes, and pollutants change hvmg marme
related resources over dtfferent scales of hrne and space through alterahon of
cnhcal propernes of habItats and ecosystems
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btologtcal energy flOW, freshwater flow, bIOgeochemIcal cycles,
food web structure, ftshery Impacts, and pollutant levels

?-~,
• .) Havmg an appreclahon for the scales of hrne and space over wInch the

C~~~~ .-.... processes responsIble for blOlogIcal produchon occur IS essenhal for desIgnmg
~ and research mtended to detect and understand changes m the

ecosystem To understand the composIhon and extent of ecosystems, It IS
necessary to ask and answer queshons about the dIStances and hrne assocIated WIth
the vanahon m the blOlogIcal and phYSICal phenomena As stated eloquently by
RIcklefs (1990) (p 169), "Every phenomenon, regardless of Its scale m space and
hrne, mc1udes £mer scale processes and patterns and IS embedded m a matnx of
processes and patterns havmg larger dtmensIOns" Indeed, spahal and temporal
scales are part of the defmthons of phYSICal and blOlogIcal processes such as
advechon and growth Takmg account of spahal and temporal scales IS cnhcal to
studymg lmkages between natural forces blOlogIcal responses (FranCIS et al 1998)

The central hypothesIS easily can be converted mto a central queshon desIgned
to explore the means by wInch natural forces and human achVIhes dnve bIolOgIcal

4 responses over dtfferent scales of hrne and space

What are the relatIve roles ofnatural forces and human achvttles,
as dtstant and local factors, m causmg short-term and long-lastmg
fluctuahons changes m the btologtcal commumtles that support
bIrds, ftsh, shellfISh, and mammals m the four key habItats of the
GOA?

The followmg four habItat types, as formally defmed m Chapter 3, Volume I,
proVIde pomts of reference for studymg the relahons among specIes m spahally
and ecolOgIcally separated habItats The mtent IS to tmplement momtonng that
can, m the long term, help understand the relahonsInps between produchvIty or
commumty structure of a habItat and the other three habItats Thus, the central
queshon can be spectftcally targeted to each of the habItats

Watershed (see Sechon 3 2, Volume I)

What are the relahve roles ofnatural forces, such as clImate, and
human achvlhes, such as habItat degradahon andf,shmg, as
dIstant and local factors, m causmg short-term and long- lastmg
changes m manne-related btologteal productIOn m watersheds?
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IntertIdal and Subhdal (see Sectlon 33, Volume I)

What are the relatIve roles ofnatural forces, such as currents and
predatwn, and human actIvItIes, such as sedIment and pollutant
dIscharge, as dIstant and local factors, In caustng short-term and
long-lasting changes tn commumty structure and dynamt.CS of the
tnterttdal and subttdal habItats?

Alaska Coastal Current (see Sectlon 3 4, Volume I)

What are the relative roles ofnatural forces, such as the vanabt.llty
In the strength, structure and dynamICS of the ACC, and human
actlvttt.eS, such as flshtng and pollutwn, tn caustng local and
dIstant changes In producnon ofphytoplankton, zooplankton,
bIrds, fISh, and mammals?

Offshore (Outer Conhnental Shelf and Alaska Gyre) (see Sectlon 3 5,
Volume I)

What are the relatIve roles ofnaturalforces, such as changes tn the
strength of the Alaska Current and Alaskan Stream, mIXed layer
depth of the gyre, WInd stress and downwelltng, and human
actIVItIes, such as pollutIon, In determlmng productwn ofcarbon
and Its shoreward transport?
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o 5. MODELING

In Thts Chapter

~ A survey of North PactfIc models relevant to GEM

~ Goals and purposes of gathermg and analyzmg data WIth models

~ Use of a luerarchal strategy m decISIon-makmg

~ Modelmg strategies and methods

Modelmg and observmg systems deSIgned to
5 1 Introduction support modelmg efforts have been establIShed m

the GOA and North PactfIc As a regional
momtormg and research program, GEM seeks to build on the strengths of past and
eXlStmg programs In thIS chapter, modelmg strategies of establIShed programs are
revIewed to proVide a startmg pomt for the modelmg component of the GEM
program IdenttfIcatIon of core vanables used m these exIStmg efforts prOVIdes an
Important contrIbution to developmg the GEM momtormg program descnbed m
Volume I

Followmg the reVIew of modelmg efforts, the background necessary to
Implement a modelmg program for GEM IS developed Thts background mcludes
presentation of explanations and dISCUSSIon of the purposes of modelmg, a
luerarclucal framework for orgaruzmg dIfferent types of models, options available
m modelmg strategies and methods, and the means of evaluatmg modelmg
proposals

5.2.1 Modeling Strategies of
5.2 Survey of Modeling Established Programs

Thts 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,
I

mteractIve flow of data and mformatIon among three essential
subsystems of the 1005 [Integrated Coastal Ocean Observmg
System] (1) the observmg subsystem (measurement of core
vanables and the transmISSIon of data), (2) the commumcatIons
network and data management subsystem (orgaruzmg, catalogmg,
and dISsemmatmg data), and (3) the modelmg and apphcatIons
subsystem (translatmg data mto products m response to user
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needs) Thus, the observmg system COnsISts of the mfrastructure
and experhse reqUIred for each of these subsystems as well as that
needed to msure the contmued and routme flow of data and
mformanon among them

From "Toward a Nanonal, Cost-EffecfJ.ve Approach to Predlctmg the Future of
our Coastal EnVIronment, " a Poslnon Paper of the U S GOOS Steermg COffiffi1ttee,

September 2000, PROLOGUE (http / /www-
ocean tamu edu/GOOS/pubhcanons/ poslnon html)

PICES (North Pacmc Manne SCIence Orgamzahon)/NEMURO (North Pacmc
Ecosystem Model for UnderstandIng RegIOnal Oceanography)

Models serve to extrapolate retrospechve and new observanons
through space and flme, asSISt WIth the desIgn of observanonal
programs, and test our understandmg of the mtegranon and
funcnonmg of ecosystem components Oear dIfferences were
IdentIfIed m the level of advancement of the VarIOUS dlSaphnary
models Atmosphere-ocean and phYSICal crrculanon models are the
most advanced, to the extent that exlStmg models are generally
useful now for CCCC [chmate change and carrymg capaaty]
objecfJ.ves, at least on the Basm scale Crrculanon models m
terntonal and regIonal seas are presently more varIed m therr level
of development, and may need some co-ordmahon from PICES
Lower trophIc level models are advancmg, and examples of therr
apphcanon coupled WIth large-scale crrculanon models are
begmrung to appear There IS a need for compansons of specIfIc
phySIOlOgIcal models, and for grafung of detaIled mIXed layer
models mto the general crrculanon models WIth upper trophIc
level models, there are several well-developed models for specIfIc
apphcanons, but workshop parflclpants felt there were as yet no
leadmg models avaIlable for general use Wlthm the CCCC program
ThIs IS an area that needs parflcular attennon and encouragement
fromPICES

From http Ilplces lOS be ca/cccc/cccc/taskteam/modelws96 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 exammanon of ecosystem level quesnons regardmg
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top down or bottom up controls m determmmg pelagtc produdlon
m the Bermg Sea

From http //globec ace orstedu/groups/nep/reports/rep16/
rep16 bs model html)

5 2 2 Core Variables for Modeling

Table 5 1 shows spabal domams, currencIes, mputs, and outputs for models

The ulbmate goal of both gathermg data and
developmg models IS to mcrease understandmg
PIckett et al (1994) ([pace 2001] P 69) defIne thIS

goal, m the realm of SCIence, as "an objedJ.vely
determmed, empIrIcal match between some set of confrrmable, observable
phenomena m the nabual world and a concepbIal construct"

A model-PIckett's"concepbIal construct" -IS useful If It helps people
represent, examme, and use hypothebcal relabonshIps Data- PIckett'S
"confrrmable, observable phenomena m the nabIral world" - can be analyzed WIth
stabsbcal tools such as the followmg Analyses of the vanance (ANOVAs),
regressIOns, and c1assIfIcabon and regressIon trees (CARTs)

• Mathemabcal tools such as Founer transforms or dIfferenbal equabons,
and

• Quahtabve models such as engmeermg "free body" dIagrams, network
dIagrams, or loop models

Fundamental goals of stabsbcal or mathemabcal analyses are to develop
correlabve, and perhaps even causal, relabonshIps and an understandmg of
patterns and trends In parncular, 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
concepbIal 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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Table 51 Model Spatial Domains, Currencies, Inputs, and Outputs0
Model Namel

Model Region Model Spatial Domam 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 US 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

Shellkof Pollock IBM Western GOA from Just From physical model IndivIdual larval
southwest of Kodiak Island Water velOCIties Wind field, characterIstics such as

0
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) Irradlance MLD DlffuSIVlty, ammonium
and 3-D Models Coastal GOA from Dixon Temperature dlffuslVlty nitrate detrItus 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

hOrIzontal grId copepods, neocalanus
and euphausllds

(nitrate and
ammonium) mmollmA3

(all else) mg
carbonlmA3

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 Benng Sea hypothetical scenanos or and birth date are
Aleutian Islands or GOA (later) modeled based on recorded Calonc

acoustic data balance IS the main
varIable followed for
each indiVidual

\ )
1"------'
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Table 51 Model Spatial Domains, Currencies, Inputs, and Outputs

Model Name/

Model Region Model Spatial Domam Inputs Outputs/Currency

Shellkof NPZ Model Water column (0-100 m) Irradlance MLO temperature Nitrogen
1-0 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
1-0 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 90-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 (500N 15 state vanabies and Ecosystem fluxes are
145°W) Benng Sea (57 5°N parameters includIng tracked In umts of
175°W) and StatIon A7 off 2 phytoplankton mtrogen and SIlicon
the east of Hokkaldo Island 3 zooplankton and multIple
Japan (41 3°N 145 3°W) nutnent groups

Eastern Benng Sea 500 000 kmll2 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

spectes In each ecosystem bIomass (tIkmIl2)
Future work WIll explore

~
energy (kcallkmIl2) and
nutnent dynamICS

J Eastern Benng Sea 500000 kmll2 In eastern
Shelf Model 2 Benng Sea south of 61 ON
Ecopath

Western Benng Sea 300 000 kmll2 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 51 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 Y,ear?,

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

peed JPQut to correct km"2 and m"~
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One of the most useful appltcahons of even relahvely sImple stahshcal and
conceptual models IS m experImental deSIgn that permIts mveshgahng the possIble
roles of varIOUS parameters and therr mteraruons, rankmg the relahve Importance
of uncertamhes that may need to be resolved (Fahng 1991, Oosterhout 1998), and
eshmahng Impacts of sample SIZe and observahonal error (BotkIn et al 2000,
Carpenter et al 1994, LudwIg 1999, Merr and Fagan 2000) Stahshcal models assess
how the vanability m one or more kInds of data relates to vanabIlIty of others To
answer the "why" and "how" queshons, however, mechanIShc models can be used
to develop and test hypotheses about causes and effects (Gargett et al 2001)
(MechanIShc m thIS use IS mtended to descnbe the phIlosophy of mechanISm,
eSpecIally explammg phenomena through reference to phYSICal or bIOlOgIcal
causes) For morntormg and modeltng to be useful for solvmg problems, they must
contnbute to Improvmg decISIon-makIng (BotkIn et al 2000, Htlborn 1997, Holltng
1978, Hollmg and Oark 1975, Ralls and Taylor 2000)

Toward thIS end, one goal of the GEM program IS to use models premruvely to
assISt managers m solvmg problems It IS Important that expectahons be realIShc,
however The mecharnsms that dnve ecolOgIcal systems, pamcularly those related
to cltmate and human achvIhes, are not currently well enough understood for
premchons about natural systems to be reltably successful It IS not unreasonable
to expect that premchve models that managers will be able to use to produce at
least short-term reltable 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 ulhmately have to be

based

Premchon IS, however, an Important goal of a modelmg program even m the
short run, because SCIence advances WIth the development and teshng of premruve
hypotheses MechanlShc studIes are essenhal to advancmg understandmg, but
carrymg out these stumes reqUIres defmmg cause-effect or premruve hypotheses,
and then teshng those premruons agatnst subsequent data or events WIth analyhcal
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 pragmahc purpose that can only be served, m the end, by ltnkmg
correlahve and mechanlShc stumes WIth the premruve needs of deCISIon makers
DecISIon-makIng, predIchon, and understandmg are meVItably ltnked, and
rnamtammg that ltnk can help keep a research program focused on Its ulhmate
objechves, and help It to aVOId narrow mqurry and the dIStrachons of small
temporary problems (pace 2001)

An often-overIooked benefIt prOVIded by the process of developmg a model IS
that It can, and probably should, facilitate commurucahon among researchers,
managers, and the publtc
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To summanze, m the GEM program, the specIfIc purposes of modelmg are as
follows

• Inform, commumcate, and provIde common problem defmlhon,

• Identify key vanables and relahonslups,

• Set pnonhes,

• Improve and develop expenmental (momtonng) desIgns, and

• Improve decISIon-makmg and fISk assessment

It IS cnhcal that the GEM program develop a
luerarclucal modelmg strategy to ensure that
short-term, smaller-scale decISIOns about
momtonng and modelmg studies will be

COnsIStent WIth the conceptual foundahon and GEM program goals Smaller-scope
research studies to test partIcular hypotheses and develop correlahve relahonslups
must fIt Wlthm a larger synthesIS framework connechng the more narrowly focused
research dIScIplmes Deduchve studies to relate empmcal data to synthehc
constructs are Just as lffiportant as mduchve studies to elUCIdate general pnncrples,
and It IS lffiportant that researchers keep straight whether they are mveshgahng the
meamng of the data, given the theory, or the vahdIty of the theory, given the data
NeIther can be done unless modelmg, momtonng, and data management strategies
are developed together

As descnbed m Chapter 4, Volume I, models for the purposes of the GEM
program may be verbal, VISUal, stahshcal, or numencal Stahshcal models are also
known as "correlahve" and "stochashc," and numencal models are also known as
"determmlShc" and "mechanlShc" Note that "predichon," "analysIS," and
"slffiulahon" are terms that descnbe the use of models, and not necessanly theIr
type (see 4, Volume I) The modelmg luerarchy of the GEM program will proVIde
lmks between observahons and explanahons, development of theory and deSIgn of
expenments, and advancement of SCIence and the prachce of management The
"top" of thIS luerarchy, the conceptual foundahon, IS the source of queshons and
hypotheses to be explored Stahshcal, analyhcal, and slffiulahon models will be
developed exphcItly to lInk 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 foundahon IS shown m an
mfluence diagram m FIgure 5 1, wluch shows the forces of change on the left and
the objects of ulhmate mterest that are subject to change on the nght In between
the two are the mtervemng elements and relahonslups on wluch the human and
natural forces act It IS the nature of the connechons among these phYSICal and
ecolOgical elements that IS hypotheSIZed to bnng about the changes that the GEM
program seeks to understand Therefore, these connechons should proVide the
overall modelmg structure
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"The manne ecosystem In the northern Gulf of Alaska (GOA) depends on the
nature of connections between heat and salt dlstnbubon, insolation, biological
energy flow, biogeochemical cycling and food web structure Natural changes
and human acbvrtles bnng about changes In the populations of birds, fiSh,
shellfISh and mammals by altenng these connections" (p 2)

Human
uses &

Impacts

Natural
fOrcing
factors

{ I

'--...-/'

FIgure 51 Influence diagram Illustrating GEM draft conceptual foundabon jfhlS figure may- be
'moved to conceQtual foundation chaQter l
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TIns conceptual model IS lmked to the momtormg plan through the vanables
defIned as IIessentlal to momtor" m the conceptual foundatIon, illustrated m a
network dIagram m Figure 5 2 The analytIcal relatIonslups between the momtored
vanables of Figure 5 2 and the conceptual foundatIon represented by Figure 5 1, are
developed and mvestIgated With statIstIcal and analytIcal tools, called models

The ultImate goal of GLOBEC's Northeast Pacrf1c modelmg appears to be a
smte of computer models that represents an entIre conceptual foundatIon The way
thIS IS framed m programs hke GLOBEC, the North Pacrf1c Marme Sc1ence
OrgarnzatIon (called PlCES), and Global Ocean Observmg System (GOOS) (see
SectIon 5 2 of thIS chapter) IS as lmked phySical and blOlogIcal models representIng
the phySical and blOlogIcal worlds over tIme and space (marme as well as
terrestrlal) The NRC descnbes thIS IdealIZed goal as follows (p 16)

Develop a whole-ecosystem fIShery model as a gmde to thmk
about what needs to be momtored Such a model would use
current and lustoncal data to relate Yields to chmate data and
contammant levels and ffilght stress blOlogIcal and phySical
endpomts (zooplankton/phytoplankton blooms, macrofauna
populatIons) and chmate and phySical oceanography endpomts, m
conjunctIon With modehng

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 5 3) The conceptual
foundatIon should be the exphat source of hypothetIcal correlatIve and cause-and-

\ effect relatIonslups Those relatIonslups should be stated as hypotheses, and
should be used to deterffillle what needs to be measured and when, where, and
how If the momtormg and modehng plans are developed Wlthm thIS framework,
the measurements can be compared to model predictIons, the results can be used to
update the saentIfIc background and the momtormg plan, and the IteratIon can
contInue TIns evolutIonary process or adaptIve feedback loop IS illustrated m
Figure 53
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Figure 5 2 Lmkages among system attnbutes that the conceptual foundation Identified as
"essential" to momtor [thIS~g~y be,moved to ci:incep-tual foundation chaQter!

Conceptual model

/ ~
- Statistical Hypothesized,..

relationships ~ cause and effect
relationships

Field, laboratory
DATA over time ~

and space

Feedback control (adaptive)
system

Figure 5 3 Feedback control system linking the conceptual foundation, momtonng and modelmg
efforts
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5.5 Definmg and
Evaluating Modeling

v
Strategies

Modelmg efforts of the GEM program for the
short term will be developed as part of a long
term strategy defmed by goals of the GEM
program

)

244

To begm WIth, the modelmg strategy must be
COnsl8tent WIth GEM programmahc goals (Chapter 1, Volume I) They can be
summanzed to mdIcate that GEM modelmg should accompll8h the followmg

\

• Focus on fillmg gaps, thus aVOIdIng duphcahon of efforts or "remvenhng
the wheel, II

• EtnphasJ.Ze synthesl8,

• Depend as much as possIble on already eXl8hng programs,

• Mamtam focus on the key queshons, and

• EtnphaslZe efficIency

In developmg a spectftc management strategy, It 18 often useful to thmk of It as
a declSion 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 relahvely easy to measure, readily available, and rehable
mdIcators of change The cause-effect theory that dnves the modeled system or
specIes behavIOr would be based not only on statlShcally vahd correlahve studIes,
but also on plaUSIble and well-developed mechanlShc studIes and theIr resulhng
theorehcal constructs The model would produce credtble predIchons under
plaUSIble scenarIOS, and would help answer queshons and ralse 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
cnhque The overarchmg conceptual model would be modularIZed so that
components of It could be developed and tested relahvely qUIckly by experts from
mulhple dIscIplmes Ideally, data already available could be used to test and
vahdate the components and theIr mterachons, and could allow qUIck learmng that
could be used to redIrect the modelmg and momtonng strategtes SensIhVIty
\

analysl8 of the components, and the mterachons between the components, would
be a hIghly produchve source for subsequent model and momtonng plan
development Model structure would be fleXible and have robustmechams~for
assImtlahng new data and reVlSmg model structure As a result, short-term
progress toward the long-term goals could be achIeved and documented,

A modelmg strategy 18 the roadmap that proVides the means for achtevmg the
ulhmate modelmg goals An IdealIZed model hlse the one descnbed above 18 a
useful step toward defmmg the attrIbutes of an efftclent, workable strategy
Development of such an IdealIZed model can produce a useful commumcahon tool
Table 5 2 Idenbftes prehmmary obJechves and attrIbutes denved from thlS
IdealIZed model that cbuld be used to evaluate modelmg strategtes
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Table 5 2 Potential Objectives and Attributes
for Use In Evaluation of Modelmg Strategies

Objective or Attnbute

Relevance to key questions and
hypotheses of the GEM
program

Contnbutlon to future model
development

EffiCiency of approach

Maintenance and development
of program support

Supported by models that help

Identify key vanables and relationships

Charactenze uncertainty and nOise Impacts of proces~ and
observation error

ElUCIdate general pnnclples rather than narrow unique
focus dnven by short-term perceived ensls

Inform communicate develop common problem definitions

Set prlontles clarify relative Impacts of vanables and
relationships

Improve and develop expenmental (monitoring) designs

Pnontlze 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 Mure models

Advance the state of the art for example Increase available
methodologies by borroWIng from other fields, particularly
englneenng 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

Contnbutlon to data management data aSSimilation effort

Contnbutlon to solVing problems for resource managers and
regulators

The modelmg "ruche" of the GEM program wtll
5.6 Modeling Methods be defIned m part by a gap analySIS, parbcularly

focused on where It fits WIth establIShed major
regIOnal programs, especIally those of GLOBEC, GOOS, and PlCES A very bnef
summary of the modelmg approaches for these programs IS prOVIded m Secbon 5 2
of thIS chapter

I

The relatIonshIp between morutormg, models, and decISIon-makmg descnbed
here IS COnsIStent WIth the relatIonshIps of these programs The purpose of thIS
sectIon IS not to defIne all the other modelmg efforts that Imght be related to the
GEM program A useful context IS proVIded by a table compiled for GLOBEC by

\.......) Aydm of NOAA (Seattle), whIch summanzes North PacIfic models of the Alaska
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F18henes Scrence Center and others (see Secbon 5 2, Table 5 1, and North Pactfrc
models m AppendIX B) Correctly defmmg the GEM program ruche 18 tmportant to
aVOId duphcabon of effort and to make best use of work already bemg done by
others

Developmg a model should be perfectly analogous to deslgrnng a controlled
expenment A useful model structure will be dnven by the quesbons It needs to
help people answer, not by the computer technology and programmmg expertIse
of model developers (although technology and expertIse may tmpose 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 dec18lon makers That Said,
models based on laws of phySICS, whlch can be vahdated agalllSt those laws and
either data or scale phySical models, have advanced farther than ecolOgical models
m therr ability to proVide useful output from hlghly complex models

5 6 1 Lmkages Among Models and Among Modelers

One of the most tmportant challenges confronbng GEM modelers will be to
develop common languages and mode1mg frameworks that will allow them to
resolve the temporal, mathemabcal, ecolOgical, phySical, and spabal sources of
dISconnects among the vanous acadeffilc paradigms Th1s challenge will requrre
slgru.&cant cOffiffiltment to tmprovmg commumcabon skills, developmg quahtabve
verbal or V18ual models, and usmg mtulbve problem-structurmg tools that combme
dlfferent modehng technIques, such as network, systems, or loop models An
addlbonal benefIt of thIS kmd of approach 18 that these types of v18ual, quahtabve
models should be comprehensible to researchers from any sClenbhc dISClphne,
managers, and the pubhc The attrIbute of bemg Widely comprehensible will help
facilitate the support of stakeholders

The feasibility of managmg GEM as a reahzabon of the conceptual foundabon
will depend m large part on the commumcabon skills of experts m the components
and hnkages that make up the conceptual foundabon Estabhshmg effecbve
commumcabon among experts from dlfferent orgarnzabons 18 a Widespread
problem faClllg systems modelers (Caddy 1995), and the GEM program may be m a
good poslbon to help advance the cause by makmg It pOSSible for dIverse experts to

work together Experts m these fIelds should brmg substanbal background
capabl1lbes to therr work from therr common language of mathemabcs and SClence
learned m graduate school The modelers of the GEM program also should be
requrred to demonstrate the ability to work With counterparts to develop a shared
systems view and conceptual models

5.6 2 Determmlstlc Versus Stochastic Models

Detecbng and understandmg change requrres that uncertamty and variability
playa central role m the analyses (Ralls and Taylor 2000)

Two key quesbons that must be addressed by anyone trymg to detect and
understand change are the problems of Type I and Type II error Type I error 18
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"seemg" sometlung that 18 not really there, and Type II error 18 concludmg
sometlung IS not there, when It really 18 Dealmg WIth these types of error m
decrslOn-makmg reqUITes weIghmg the eVIdence that suspected change 18 caused
by a (theoretIcally) defmable pattern or trend or 18 "normal" process error,
observatIon error, or some combmatIon Equally tmportant, and often overlooked,
18 how real mdlcators of change may be htdden by process or observatIon error or
by mcorrect assumptIons about how tlungs work

Dealmg WIth uncertamty and vanability m models requrres at a mmtmum
carrymg out SensItIVIty analYS18 on stmple determmtstIc models, wIth partIcular
emphas18 on model structure (Htlborn and Mangel 1997) But It 18 often more
efflClent and more useful to mcorporate StochastIClty mto stmple models
StochastIc models need not necessanly be more data mtenslve than determmlStIc
models Overlookmg the assumptIons reqUITed m choosmg a mean (or medIan) or
geometnc mean, as a representatIve value for a determmlStIc parameter 18 one of
the most WIdespread, but overlooked, sources of modelmg error (Vose 2000) At
least stochastIc mode1mg reqUITes that probability d18tnbutIons be expltclt1y
defmed

StmpllStIc determmlStIc models can be every bIt as ffilSleadmg and tmproper as
stochastIc models (Schnute and RIchards 2001), but because they are more familiar,
and therr smgle-number mputs and outputs are easIer to thmk about than
uncertamtIes and ranges, they may lead to false conftdence on the part of deCISIon

o makers RIsk assessment m most ftelds reqUITes analyzmg probability d18tnbutIons
and uncertamtIes, not mean traJectones (Burgman et al 1993, Gltckman and Gough
1990, Vose 2000)

One fundamental Issue of mterest to dec18lOn makers 18 often how best to
pnonbze research efforts A key part of such an Issue 18 rankmg the relatIve
tmpacts of uncertamtIes on a dec18Ion In thIS case, It 18 possIble that thoughtful
SensItIVIty analyS18 carrted out on a stmple, determmlStIc model (or multIple
models) may be adequate for the Job, partIcularly as a frrst step m "weedmg out"
VarIables that are ltkely to be extraneous But developmg a stochastIc versIon of
relatIvely stmple models may be more efflClent (Vose 2000) If care 18 taken to
d18tInguISh between envrronmental or process VarIatIon and observatIonal or
funcbonal uncertamty, then statIStIcal tools such as analys18 of vanance or
regresslOn can be used to mvestIgate the relatIve tmpacts 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) Thts
approach can be very helpful m developmg analyttcal structures as well as
modelmg plans It also lends Itself well to decrslOn analYS18 and fISk assessment
because It 18 slffillar to the "value of tmperfect InformatIon" analyses WIdely used m
fISk assessment and decrslOn analys18 (Htlborn 1997, Keeney 1992, Punt and
Htlborn 1997, von Wmterfeldt and Edwards 1986)
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5 6 3 Correlabve Versus Mechamsbc Models

The use of statlshcs-based tools such as regressIOns to make detemurushc or
probabIhshc predtchons will generally be easIer than developmg detemurushc or
stochashc blologtcal models, because of a dearth of predlchve "laws" of bIOlogy, let
alone ecology Because statlshcs-based models are correlahve, cause-and-effect
explanahons will eventually be needed If change IS to be understood and predIcted
relIably Because some thmgs are easIer and more rehable to measure than others,
sImple models that can help develop correlahve relahonshIps between hard-to
measure parameters and easy-to-measure parameters may be of parhcu1ar mterest

5.6.4 Modeling and Momtormg Interacbon

Models should be developed to use and synthesIZe readily available data
whenever possIble ThIs approach will also help Idenhfy data needs Strntlarly,
whenever poSSIble, momtormg plans should be developed to ftt the models that
will be used to analyze and mterpret them Data management, asstrntlahon, and
synthesIS should be key conslderahons for both momtormg and modehng

One useful way to mcorporate data mto Improvmg an eXlShng statlshcal or
sImulahon model IS WIth the BayesIan reVlSlon methods (punt and Htlbom 1997,
Htlbom 1997, Marmorek et al 1996) BayesIan methods rntght be useful to consIder
WIth respect to the queshon about how much emphasIS should be put on annual
forecasts, because BayesIan methods lend themselves well to mcorporahng
mcommg data mto prevIous forecasts ThIs enhre approach also lends Itself well to
deCISIOn-analysIS techmques

,
The GEM program shares the share the vIew of models as tools for asstrntlahng

data and ophrruzmg data collechon as expressed for the GOOS program
(Intergovernmental OceanographIc COffiffilSslon 2000, p 36)

A valIdated asstrntlahon model can be most useful m
opturnzmg the desIgn of the observmg subsystem upon whIch It
depends ThIs underscores the mutual dependence of observmg
and modehng the ocean, Ie, observahbns should not be conducted
mdependently of modehng and vIce versa For example the so-

)called"adJomt method" of asstrntlahon can be used to gauge the
SenslhVlty of model controls (e g , open boundary and lillhal
condthons, ffilXffig parameters) to the addthon or delehon of
observahons at arbItrary locahons wlthm the model domam In thIS
regard, Observahon System SImulahon Expertments (055Es) are
becommg mcreasmgly popular m oceanography as way of
assessmg VarIOUS samphng strategtes The model IS fIrst run WIth
reallShc forcmg and model parameters The output IS then
subsampled at hIDes and locahons at whIch the observahons were
sampled These SImulated observahons are then asstrntlated mto
the model and the Inferred fteld compared agamst the ongtnal fteld
from whIch the "observahons" were taken ThIs allows the efficacy
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of the assmulatlon scheme and samplmg strategy to be evaluated
(at leaSt to the extent that the model IS beheved to be a reasonable
representatlon of realIty)

Model proposals should, of course, be evaluated
Wlthm a decISIon-structured framework such as
that outlmed above and detailed m Table 5 2
Proposals must also demonstrate a hIgh

probability of actually producmg what they propose to produce-meetlng the
objectlves of the GEM modehng strategy A set of gUldehnes for evaluatlng model
proposals will be developed for the GEM program m cOIlJUIlctJ.on WIth
development of the modehng objectlves As a startlng pomt, successful proposals
will provIde the followmg

• DefIne who will use the model and for what If the proposal IS to contlnue
or expand an eXIStlng 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

• DefIne the questlons the model IS supposed to answer, and dIrectly hnk
those questlons to the key questlons and hypotheses of the GEM program

• Argue convmcmgly that the model structure IS adequate for the purpose,
and that there IS not a better (cheaper, faster, more comprehensIble, more
dIrect) way to answer these questlons

• Show some kmd of schematlc (flowchart) that IS clear, complete, and
conCISe

• Explam how un~ertamtyand vanability will be represented and analyzed

• Descnbe the system characterlStlcs that will be left out or sImphfIed and
how the analysIS will evaluate the Impacts

• DefIne data needs and show how the modehng effort will be coordInated
WIth data assmulatlon and data management efforts

• DefIne vahdatlon approach

• DefIne how the modehng 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
the GEM program dIctate that walkmg will have
to come before runnmg and that focused, SImpler

models will have to come before large-scale, multl-dIScIplmary models Walkmg
frrst means developmg verbal and statIStlcal models where numencal models
cannot be developed because of a lack of data and understandIng Learnmg to run
reqUITes developmg coupled numencal bIOphYSICal models that accurately portray
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the ecosystem Runnrng means usmg the bIOphysical models m a predlchve sense
1he models must adapt to changes m the conceptual foundatIon (Chapter 4,
Volume II), because the conceptual foundatIon 18 designed to change as new
mforrnatIon 18 mcorporated Nonetheless, no matter how many lIDprovements are
made, It 18 probably not reasonable to expect consensus on how that conceptual
foundatIon should be used to develop a strategic modelmg polley

In a constramed world, "consensus" m practIce usually means acceptIng a
strategy that enough dec18lon makers fmd no more offensive than they can accept,
optnruzatIon, on the other hand, means fIgunng out the tradeoffs necessary to
acmeve as many of the desITed objectIves as reasonably possible AdoptIng a
declSIOn-structured approach for the modelmg strategy will help ensure that It 18
dnven by the fundamental obJechves of the GEM program, that the modelmg
questIons are defmed by the conceptual foundatIon, and the tradeoffs can be
defmed, weighed, and Jusbhed
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c) 6. DATA MANAGEMENT AND
INFORMATION TRANSFER

In Thts Chapter

~ The role of data management

~ The kmds of data to be used m GEM

~ A descnpbon of GEM users and adnurustrabve support

Eddonal 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 bIbhography

The data management and mformabon transfer
6.1 The Role of component of GEM mcludes the followmg
Data Management £uncbons data receIpt, qualIty control (QC),

storage and mamtenance, arcluvmg and retrIeval,
(~ and the systems necessary to automate as much of these procedures as pOSSIble
J ThIs component also mcludes programs needed to create the custom data and

mformabon products that will be proVided to the modelmg and apphcabons
components, and to the users of thIs mformabon Therefore, the data management
system for GEM fits well mto the defImbon estabhshed by C-GOOS (GODS 2000)

Models/Applications

Figure 6 1 GODS model of data management

Data
Management
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The GOOS model IS a general descnphon of an end-to-end system that IS based
on the tnpod of observahon, data management, and models and applIcahons, WIth
the data management component achng as the mtermemary between the
observahonal component and the applIcahons Data flows from observahon
through the management system to the modelIng and applIcahons component In

turn, the applIcahons component mforms and refmes both the desIgn of the
observahonal component and the desIgn of the data management system The
momtonng plan may be altered to mc1ude new data, regIOns, or both that are
Idenhhed dunng the modelIng phase as key to understandmg the namal system
The mterfaces and data products dlstnbuted by the data management system will
also be refIned WIth feedback from the applIcahons

Screnhhc data management systems have grown rapIdly smce the advent of the
World WIde Web lnlhally, projects or groups that collected or archIved data made
those available over the Web through slffiple mterfaces based on the naVlgahon of
lInks These supply-onented systems reflect the structure of the data that was
made available by provIdmg lInks to lIsts of data sets by years, data set name, or
varmble name Many of these systems are shU m Wide use, although newer
systems mc1ude more sophIShcated search ophons such as spahal and temporal
selecbon However, these systems make few assumphons about the mtended user
commumty, and It becomes the users' responsIbility to locate, evaluate, mtegrate,
and pre-process the data mto a form that IS sUItable for the target applIcahon

As the applIcahons that use scIenhhc data become more sophIShcated, and the
commumty IS able to access and mtegrate large amounts of data to address a smgle
problem, new data systems that address the data needs of spectfIc user applIcahons
will be bwlt The output of these systems will be mgher-order products such as
maps, graphs, vISuahzahons, and data m mteroperable formats NASA has funded
some projects With a demand-onented focus (ESIP NRA), and m the future, more
user commumhes will fInd ways to bwld these types of targeted systems

The landscape of data product delIvery will lIkely mc1ude large archIves that
supply data m a raw or parhally pre-processed form ApplIcahon-onented SIteS
will access data from these archIve SIteS through a mgh bandWidth connechon and
may use mtermedlate SIteS, wmch proVlde value-added servIces that are not
available from the ongITIahng arcmve Common data servIces available at the
archIve or through mtermemate SIteS will mc1ude subsethng, reformathng,
reproJechon, regnddmg, and aggregahon

Although predIctmg the evoluhon and the lffipact of the Web on sCIenhhc data
delIvery IS speculahve at best, the landscape of fume data systems needs to be
evaluated to understand the role of the data management component dunng the
extended lIfespan of GEM lnlhally, GEM will act as both a data arcmve and a
user-focused delIvery system, accephng and archIvmg data from the observahonal
component and creahng products that are custonuzed to meet the needs of the
habltat-Spectf:IC applIcahons Dunng thIS phase, GEM will establIsh the procedures

254 VOWME II, CHAPTER 6



6.2 Characterizing the
Data Within GEM

GULF ECOSYSTEM MONITORING AND REsEAROi PLAN

for assunng the quahty of the data that are subnutted to the archtve as well as the
operabonal detaIls of mgesbng data and makmg It avatlable As the archtve grows,
older data sets will be moved to an archtve such as the Nabonal Ocean Data Center
(NODC) for permanent storage The GEM program will conbnue to mamtam a
meta-database that provIdes a data search mterface to locate and access GEM data
that 18 mamtamed by the ongmabng project, the GEM archtve, or the data archtve
at NODC

In the long term, however, the GEM program will hkely tum over the entrre
arcmvmg task to a center such as NODC that 18 better eqUipped to mamtam the
data for extended penods of bme ThIs transibon 18 only possIble after the data
flow between the observabonal component and the apphcabons component has
been establtshed and the tools and structures are m place to butld the custom data
products from a dl8tnbuted set of data archtves The GEM program will retam the
meta-database and conbnue to provIde custom data products and servIces to a set

of targeted users

WIthIn the data management component, data 18

classtfted by the operabons that must be apphed
to It dunng the archtve and retneval cycle ThIs
classtftcabon often cuts across the content-based

classtftcabons used dunng data analysl8 Although bIologic data 18 more often
collected by observabon or laboratory work and phYSICal data 18 frequently
measured by Instrument, there are signtftcant excepbons A satellite Image of
ocean color that contatns bIOlOgiC vanables will have more m common, m a data
management context, With the phYSICal vanables m a Synthebc Aperture Radar
Image than to the phytoplankton results collected from the settled volume of a
bottle sample The settled 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 are aSSOCIated With the cheffilcal and bIolOgiC data
from the bottle sample will be nearly Idenbcal, as will the processmg and meta-data
assocrated With both types of satellite trilagery

GEM will be collecbng and processmg a WIde range of data from dtfferent
collecbon and recordmg techmques that present dIfferent quahty control and
assurance challenges To classIfy these dtfferences for the data management
component, data can be separated mto broad categones that reflect the handlmg
and storage requuements These data categones mclude

• Observahonal data collected or recorded by an mdtvidual,

• Measured data collected by an ;Instrument and stored m formatted flies,

• Modeled data generated by a runnmg computer model,

• GeographIc or reference data used by a Geograpmc Informabon System,
and
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• Remotely sensed tmage data taken from a satellite or aenal platform

The followmg cntena are used to characterIZe these data types

• InteroperabIhty how easily the data can be used m alternate appltcatIons,

• ConsIstency the degree of snrulanty between the data for chfferent pomts,

• SIze of ftle the SIZe of the data for a smgle mstance,

• Number of ftles the number of mstances that make up the data set

• RepeatabIhty whether or not the same data can be re-sampled,

• Lag tIme the length of bme needed between collecnon and SubmISsIon,

• Alternahve sources whether the data IS mamtamed at multIple SIteS, and

• Meta-data The content, format, or both of the meta-data

621 Observational Data

Observanonal data are collected by human observanon, laboratory results, and
manual data entry These data mclude spectes counts and locanons and can
mclude a large number of ad hoc observanons of condInons or unrelated sIghttngs
These data are manually entered and capture a person's observanons or
calculanons, whIch makes them less COnsIStent, often complex, generally low
volume, and occasIOnally error prone The observanons are not repeatable and the
formats are not customanly mteroperable The lag tIme between collecnon and
SubmISsIon can be long If extensIve lab or manual work IS mvolved The meta-data
descnbe the collecnon and or processmg locanon and sometImes the conmnons
These data are often m a database management system (DBMS) or a spreadsheet,
whIch forces a level of COnsIStency that allows automated processmg upon
retneval Examples of observanonal data sets from the GEM habItat themes (see
Chapter 5, Volume 1) mclude

Wetlands

• Lab results for stream chemIStry

• Plant and antmal observanons from held study

• Isotopes of mtrogen and levels of phosphorus, silicon, and Iron from a lab

Interhdal and Subhdal

• SpeCIes counts for substrate classtftcanon

• Lab results for chemIcal and bIOlOgIcal oceanography

Alaska Coastal Current

I

o • Lab results for chemIcal and bIolOgIcal oceanography
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• Species counts for zooplankton

• Diet composlbon for nekton

• Nekton measurements from net tows

• Bud surveys

OCS/Alaska Gyre

• Lab results for cheffilcal and bIOlOgIcal oceanography

• Specres counts for zooplankton

• Bud and mammal surveys

6 2 2 Measured Data

These data are mostly measurements of phySical vanables such as au
temperature or saltruty, but they may also mclude biolOgIC variables as m the case

I of the acousbc measurements of the bIOmass of nekton or zooplankton These data
are usually stored m ftles With formats that are set by the collecbon mstrument
The data ftles are COnsIStent across the data set, but have a low level of
mteroperabthty With other systems Because data collecnon IS automated, the sIZe
of the ftles and the number of the ftles can be large Usually, htt1e Special
processmg IS mvolved, therefore, the lag bme between collecnon and subffilSSlon

o does not need to be long The meta-data mclude mstrument detalls and condlbons,
and the data formats are standard enough to allow custoffilZed processmg durmg
retneval Examples from the GEM habitat themes mclude

Interhdal and Subndal

PhySical oceanographIc vanables

Alaska Coastal Current

• Lldar measurements

• Hydroacousnc plankton or nekton surveys

• Fluorescence measurements

OCS/Alaska Gyre

• PhySical oceanography

• Hydro-acousnc plankton or nekton surveys

• Fluorescence measurements

6 2 3 Modeled Data

Numenc models, and to some degree statlSncal models, can generate a
slgmftcant amount of data As an example, the cuculabon model can proVide a
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snapshot of ocean current vectors across the GEM regIon, at many depths, for bIDe
steps as small as 10 ffillluteS 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 data
sets, these data can be recreated and often are as the model matures These data are
COnsIStent across the data set, can represent a lugh volume of data, and are not
generally mteroperable The lag tIme between data generahon and data
SubffilSsIon (and even use) can be very short The meta-data need to descrIbe the
c1assIfIcahon and verSIOn of the model and may need to mc1ude relevant mput
parameters The meta-data may be used to track the hneage of the output data,
mc1udmg 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 defmed

6 2 4 Geographic Data

These data are the reference data used by Geograpluc Informahon Systems
(GISs) and mc1ude base layers such as elevahon (bathymetry) and shorelmes, but
can also mc1ude soil types or habItat charactenzahon These data formats are
rarely used to store data collected by a project, but are frequently used to dIsplay
the mformahon m the spahal context of a map These data are usually
mteroperable across dIfferent systems and may be stored at several dIfferent
locahons The meta-data are focused on the spahal defmIhon and may mc1ude
mformahon about the resoluhon or precISIon of the data GEM will not generally
be mgeshng these data from projects, but the program may store reference
mformahon m t1us format, wluch IS also a pnme format for custom data products
created by the data management component

6 2 5 Remotely sensed Data

Remotely sensed Imagery can come from satellite or aenal platforms These are
generally large fIles and may be used on a regular basIS by the analysIS bemg
conducted by GEM However, Images from NASA or NOAA may not need to be
arcluved If they can be retneved agam from the source Aenal photography has
also been used by EVOS projects to capture the spahal dlStnbuhon of nekton m
PWS These Images, along wIth satellite Images, may m some cases be arcluved by
the GEM program and prOVIded to the apphcahon 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 Instrument and platform and often
mc1ude details of the Image qualtty and the spahal reference system Examples m
the GEM habItat themes could mc1ude

Wetlands

LandSat Images of watersheds

Moderate Resoluhon Imagmg SpectroradIOmeter (MODIS) Imagery

• Aenal photography
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Interhdal and Subhdal

• Ocean color lIllagery fr0II\ SeaWtFS

• Aenal photography

Alaska Coastal Current

• Ocean color lIllagery from SeaWtFS

.. MODIS ocean products

OCSjAlaska Gyre

• Ocean color lIllagery from SeaWtFS

• MODIS ocean products

6.2.6 Impact on GEM

Although the data standards set by the GEM program will be smular across the
data sets m a gIVen type, each data set will have Its own set of standards and QC
and mgest processmg As the GEM data management component becomes actIve,
new data sets will be added to the archIve For each new data set, GEM will set
data standards and create the software to perform the QC agamst those standards
The data management plan will outlme what needs to be m place before a new data
set can be added to the GEM archIve

As each collectIon effort IS funded and orgaruzed, a plan that outlmes the data
mventory and Its subffilSslon schedule will be establIShed In addItIon, the plan
will mc1ude the procedures for performmg the QC process and how dIScrepancIes
will be resolved

Dunng Its hfetIme, the GEM program will serve a
large and dIverse user commuruty WIth needs that
will vary from slIllple data download to the
creatIon of taIlored data and InformatIon

products In most cases meetIng the reqUIrements of partIcular user groups will
requrre detaIled analySIS and the creatIon of taIlored products, but generalIzatIons
can be made about the types of apphcatIons for whIch GEM will prOVIde data

The user groups mterested m each apphcatIon will have dIfferent levels of data
analysIS and reductIon capabilitIes, and each will need to search for GEM data WIth
dIfferent cntena Some apphcatIons requrre regular or penodlc access to GEM
data, and others are rrregular or sporadIc The largest dtscnmmator between the
apphcatIons, however, IS the type of data products that GEM will create for them
and the level of processmg that will go mto creatIng those products The followmg
applIcatIons are relevant for all four of the mam GEM habItat themes watersheds,
mterhdal and subhdal, ACC, and the Alaska gyre
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1 BasIc research and analySIS IS perhaps the most fundamental applIcatIon of
GEM data nus actIVIty will be done by researchers who are collectIng data
for GEM and by other researchers that are mvestIgatIng the GEM regIOn In
general, thIS commumty will have a good understandmg of GEM data and
will be searchmg for speCIfIc VarIables WIthm 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, therefore, fIlet transfer protocol (ftp) or
fIle-download of the ongtnal data will generally be suffICIent

2 ModelIng IS also a cntIcal applIcatIon of GEM data Verbal and VISUal
models will be drawn from research applIcatIons, but statIstIcal and
numenc models will reqUIre access to custonuzed data products that are
taIlored to meet the needs of the mbdel as closely as possIble Most of the
search cntena may be saved by the system and may be reused on a regular
basIS to execute the model WIth the most recent set of parameters The
types of preprocessmg could mclude reformattIng, spatIal or temporal
aggregatIon, regnddmg, and reproJectIon

3 Resource management applIcatIons will mcrease m number through tIme
and may become a common use of GEM data These applIcatIons will
requIre a set of products separate from the modelIng applIcatIons
Management applIcatIons will be both penodIc and sporadIC, and the
products m~ymclude reports, graphs, or maps Examples mclude regular
stock analySIS reports that are used by &shenes managers to set catch lImIts
and 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 varymg degrees These mclude provIdmg publIc
mformatIon about the state of the ecosystems that are bemg studIed by
GEM, as well as the general admmIstratIon of the GEM program Other
outreach actIVItIes will mclude supportIng educatIonal programs and
pOSSIbly emergency response These applIcatIons can be supported WIth
maps and graphs that descnbe vanous aspects of the central GEM themes
Access IS lIkely to be qmte Irregular and may be accomplIShed through the
creatIon of a few standard maps and graphs on a regular basIS

6.3.1 Supporting GEM Applications With User Interiaces

To support these applIcatIons, GEM will InltIally prOVIde three dIfferent modes
of access The InltIal deSIgn will mclude 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 charactenze
many of the screnbfIc data delIvery systems available on the Web
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BasIC search and download IS currently the most common method of accessmg
data on the Web Many projects have an mterface that makes some level of search
available and then allows data to be downloaded by chckmg through to an ftp SIte
or a Web page contammg data lmks Examples mc1ude the followmg

• C1IMMS (http Ilmfo dec state ak us/cnmms/), whtchhas been used
successfully to provIde basIC access to meta-data and data relatmg to Cook
Inlet,

• Systems such as GLIMPSE (http I Ilternet eduldatal), EMAP
(http I Iwww epa govIemapImdex html), and BelJa-flor (http llbelJa
flor omI govIlba/), whtch provide basiC access for the NSF Long Term
Ecological Research program, the EPA EnvIronmental Momtormg and
Assessment Program, and the Large Scale Biosphere-Atmosphere
Expenment m Amazoma sponsored m part by NASA, and

• The GLOBEC program, whtch proVIdes basiC data download through Its
own database (http 1/globec WhOl edulglobec-dIrIdata-access html)

Although these systems prOVide dIfferent types of search cntena, and each has
a dIfferent onentabon, they all proVide access to meta-data and, m most cases, the
actual data collected by the program The GEM program can use one of these
systems or somethmg very slIDllar to prOVide access to data soon after It IS

r- submItted to GEM Research apphcabons are often focused on specIftc variables
'J and regions" and these basiC systems meet the maJonty of those needs In addlbon,

a basiC search-and-download tool will proVIde the mmImum access to GEM data
and may support the other apphcabons, mc1udmg modehng, resource
management, and pubhc outreach Although budgetary constramts may reqUIre
that the creabon of custom map and data products be hmIted, the basiC search-and
download funmons will be supported as long as data IS collected and archtved by
the GEM program

The meta-database mamtamed to support the basIC search-and-download
funcbons would also support access to remote database servIces that are funded by
or relevant to GEM Remote databases hke the EVOS hydrocarbon database and
other databases mamtamed by the group that IS conductmg the data collecbon

" effort will be mc1uded m 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 creahon systems such as the Open GIS Consorbum's Web Mappmg
Server (WMS) (http Ilwww openglS org/techno/specs/0l-047r2 pdf) and the
ArcIMS system (http Ilwww esn com/software/arclIDS/mdex html) from the
EnVIronmental Systems Research Insbtute (ESRl) make preprocessed maps
available to users on the Web Both of these systems proVIde maps to Web
browsers and to freely available VIewers Because the WMS protocol IS not bed to
any parbcular vendor, It has been enJoymg rapId acceptance and use m a WIde
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range of apphcabons In the future, the use of WMS m educabonal and outreach
apphcabons 15 hkely to be very large

Once GEM has IdEfllbfied a set of standard map products that would be useful
to the pubhc or to parbcu1ar educabonal programs, they will be available through
one of these Internet map protocols These products will lIkely mclude base maps
and general mformabon maps, but mIght also mclude regular maps of the Alaska
gyre or currents that affect the GEM habItats Web SItes deSIgned to support the
educabonal program or the pubhc mterests will dIsplay these maps and may, m
bIDe, support more comphcated 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
apphcabons will be the most useful facet of the GEM data dl5trIbubon and also the
most expensIve to create It 15 not possIble to create a smgle data dl5tnbubon
system that meets the WIde range of user needs m mode1mg and resource
management Therefore, GEM will need to pnonbze the products that are needed
by parbcu1ar groups and create them m sequence These products will be deSIgned
WIth the close mvolvement of the specrfIc user commumty to whIch they are
targeted and, IDlbally, they may need to be created WIth a sIgruficant amount of
manual effort However, once automated, a separate Web-based mterface that will
be used by the target user group to create and download these products on a
regular (or rrregular) basl5 can be created In the future, after many of these
products have been deSIgned and the dl5tnbubon of them automated, certaIn
common funcbons will emerge and GEM will begm to build a hbrary of data
processmg ubhbes

Examples of modelmg products mclude the reformattmg and regnddmg of
data to match the execubon gnd and bIDe steps of the model Non-GEM data may
be pulled from another SIte and mtegrated mto data products Several dIfferent
products may be generated at a bIDe to meet the needs of a smgle modelmg
apphcabon The creabon of a SUIte of products may be done by hand and may
requIre that GEM start WIth algonthms that were wntten by the modelIng group
Itself However, after the modelIng group has used the products successfully
several bIDes, the process of creabng the products could be automated and a SImple
mterface built to allow the group to create and download the product If the
reqUIrements for the product are clear enough, the manual step may be bypassed

For resource management apphcabons, a report or spreadsheet used to manage
fISh stocks may reqUIre access to several dIfferent data sets and the extracbon and
mtegrabon of dIfferent vanables Unless the report 15 already m eXIStence, It may
requIre several attempts before a truly useful product can be created Once thIS 15

accompllShed, the process could be automated The resource management office
could tngger the report through a SImple mterface created for that product In thIS

way, the apphcabon component of GEM will feedback mformabon and tailor the
deSIgn of the data management component
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In bme, GEM will create a WIde range of products to meet the speafIc needs of
the GEM modelmg and resource management commuruhes The creahon of each
product will mvolve GEM staff and the mterachon wIth the target user group
Dependmg on the scope of the effort for each product, several taIlored products
could be created for the mode1mg and resource management commuruty each year
These products, coupled WIth the basIC search and download and the We~based
map dehvery servIces, will support a WIde range of both specIfIc and general data
dIStnbuhon needs

The GEM data management system will address
the ISsues related to the data types supphed by the
observahonal component and the demand placed
by the apphcahons component As such, the data

management system IS posIhoned between the other two components and must
develop and mamtam an mterface to both In addIhon, modelmg and map creahon
apphcahons will generate new data that will also be archIved and dehvered by the
GEM data system

General
Access

Observation

Figure 6 2 The GEM data system

Product
Creation Applications

6 4 1 Supply Side Support

To support the mgeshon of data from the observahonal component of the GEM
program, the data management system must prOVIde QC of the 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 formats that can be used to store that data m the GEM
archIve Values such as stahon IdenhfIer, date, and lahtude and longItude need to
be vahd or fall WIthm a reasonable range In general, each data type will have
uruque ISsues, and the GEM program will create new QC procedures and
programs Through bme however, some of the QC algonthms can be shared across
data types The GEM program will also need to prOVIde QC on some of the data
values, such as specres IdenhfIcahon, but the submItter will do most of the QC for
the data Itself The valldahon proVIded by the data management component IS
done to ensure that data can be found and retrIeved WIth the use of an accepted set

\~J of search cntena
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Quahty assurance mcludes the desIgn of the QC processes and documentahon
of the QC achV1ty The data management component of GEM will not be able to
provIde QC over most of the data, but It can ensure that the documentahon of the
subIDltters' QC IS available along WIth the data The data management system will
also provIde quahty assurance of the meta-data

6 4 2 Demand Side Support

On the applIcahons sIde of the data management system, software modules
will create the custom data products and standard maps These rouhnes will not
be developed all at once when the system IS deployed, but through hme, as the
archIve IS populated With data and the user demands become clear Custom
rouhnes will mtegrate thrrd-party software where possIble These external rouhnes
may be commercIal off the shelf (COTS) software or they may come from the
growmg lIbrary of free software avaIlable on the Web These custom rouhnes will
pull data sets from the GEM archIve and other relevant data sources and provIde
preprocessmg Examples of the types of operahons mclude

• Reformatbng Often, raw data may need to be reorgamzed to be usable by
an apphcahon For example, an applIcahon may need mulhple
observahons pulled mto a smgle output &Ie contaIDlng only those vanables
of mterest from a subset of stahons ThIS &Ie may also need to be ordered
by date or SpecIes and wntten out m a comma-separated &Ie that can be
manIpulated by a spreadsheet Other output formats may mclude GIS,
Image analySIS formats or SpecIal bmary formats for VlSua1lzahon
applIcahons

Aggregahon or subsetbng- Modehng apphcahons often need summary or
averaged data These data sets may need to be merged or chpped to
capture the temporal or spab.a1 regIOn of mterest completely Some &Ie
formats support chppmg, but many of these rouhnes will be tailored to the
mput data Aggregahon rouhnes may come from the apphcahon space or
they may slIDple average or sum calculahons

ProJechon Data are usually collected With lahtude and longitude
coordmates Some regional models use a map proJechon that preserves
spahal relahonshIps more accurately for the region Satellite data and other
data may need to be projected or reprOJected mto a specrllc map proJecb.on
for the apphcahon Software IS available to perform some of these
reproJechon operahons from both commerCIal and freeware sources

• Map creahon and Vlsuahzahon Some data products may be best
represented m the spahal context of a map or a graph The generahon of
these maps or the creahon of a mulhdlIDensIOnal or graph-onented
vISua1lzahon reqUIres data-extrachon reduchon and rendenng Many
software ub.1lhes are available to asSISt m thIs process
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Most custom data products will reqUIre a user mterface to allow the entry of
parameters and trIgger the creabon of the product In most cases, these mterfaces
will be slffiple Web pages that support vanous pull-down menus to select mput or
dIsplay parameters Slffiple mterfaces that are deSIgned to support one or two data
products are easIer to use and mamtam Through ttme, however, GEM will
support a large number of custom products, and mterfaces may need to be merged
to reduce the overall mamtenance load

6.4.3 Meta-Database Support

The core of the data system will be the meta-database and a data-storage
component The meta-database contams the descnpbve mformabon and 18 used to
mtegrate access to the data by suppomng cross-data set searchmg The ability to
search for all data sets Wlthm a gIven spabal or temporal range, or all data sets
contammg partIcular vanables, requIres a smgle meta-database The QC roubnes
will ensure that the meta-data subffiltted to the GEM program meets the standards
necessary to support cross-data set search No data set will be added to the system
unless It can be located WIth a search of thIs meta-database

The meta-database mamtamed by the GEM program will also support access to
remote GEM archIves that are mamtamed by mdIvIdual researchers The GEM
program will also evaluate whether to mgest meta-data about data sets that are
relevant to the GEM system, but are not drrectly supported by GEM The ongomg
gap analyS18 conducted by the GEM program will conbnue to reveal data sets and
data-eollecnon acnvIbes that complement the GEM ffilSSIon One of the GEM goals
18 to mtegrate WIth those projects The data management system will reflect thIs
mtegranon by allowmg users to locate relevant data that may not be archIved by
the GEM program

Most search and download systems mclude some level of meta-database
support The GEM program will evaluate the use of these eXlSbng systems,
mcludmg the structure of the meta-database Because the populabon and use of
the meta-database will be the central acb.Vlty of the GEM data system, any eXlSbng
system will need to be modtfted before It 18 used by GEM

6 4 4 Data Storage

The storage of the data m files or m another storage mechantsm 18 a separate
funcnon of the data system that m ttme will reqUIre a sIgntftcant amount of storage
space The meta-database will contam pomters to the data Itself, whIch may
phYSICally be m a separate storage facility The evolunon of large archtve
technology has been rapId m the last few years, but GEM will be able to postpone
the use of tape or opncal medIa for several years unhl the space reqUIrements
demand It The GEM program will evaluate the use of an external SIte to store the
data as well as the use of GEM compubng hardware Unhke the search of the
meta-database that places a heavy computanonal burden on resources whtle
returnmg a small amount of data, accessmg the data Itself requIres no sIgntftcant
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computahon, but can return a large amount of data Therefore, the network
connecnvity IS also an evaluanon cntenon for the data storage subsystem

The format of the data fIles will be defIned and standardIZed m the GEM data
management plan Although the QC procedures will not valIdate the screnhfIc
qualIty of the data, these programs will need to valIdate the format of the data
Rouhnes for creahng data product reqUIre that mput data fIles are m a recogruzable
format and contam data m a format that can be processed automahcally

6 4 5 GEM Admmlstrabve Support

Managmg the projects funded by and assoCiated With GEM requITes a proJect
onented database (see Chapter 6, Volume 1) The admmIstranve mformanon
mc1udes the ongmal proposal, comments subffiltted by the reVIew panel, status
reports and notes, and the £mal report ThIs mformanon will be valuable m the
long term as the data collected by the project IS evaluated m retrospect The
proposals and reports will contam the ongmal hypotheses, as well as the problems
that were encountered durmg data collecnon Future researchers will use thIS

project hIStory to understand the ongmal goals of the project and ISsues that ffilght
affect data qualIty

Much of these admmIstrahve data a\IS m the publIc record and will be made
avaIlable over the Web The GEM meta-database WIll mc1ude the project
specIfIcanons so that the data subffiltted by the prOject can be dISplayed along With
the admmIstranve detaIls ThIs lInk between the admmlStrahon of the prOject and
the data subffiltted would also allow the GEM program to evaluate whether all the
data for a given project have been subffiltted
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